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Future tracking detectors for 
high-energy physics (HEP)

2

• Monolithic silicon sensors are attractive 
candidates for large area, low-mass tracking 
detector (e.g. for CLIC) • Timing resolution: ~5 ns


• Material budget: ~1-2% X0 per layer


• Power consumption: < 150 mW/cm2Detector Technologies for CLIC, CERN-2019-001 
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Requirements for CLIC 
tracking detector:

• Single point resolution: 7 µm
(in direction perpendicular to the magnetic field)

Tracking detector requirements for HEP experiments

Precise time 
resolution Challenging set of requirements 

for future HEP tracking detectors

Low power 
consumption

Low material 
budget

High radiation 
hardness

Large detector 
surface

Precise energy 
resolution

Precise position 
resolution
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CLICTD - the sensor process

• Fabricated in a modified 180 nm CMOS imaging process

• Full lateral depletion in 30 µm epitaxial layer 

• Design variant: Gap in n-type implant in row direction

➡Speed-up of charge collection 

• Total sensor thickness: 300 µm (thinned down to 40 µm)

• The CLICTD technology demonstrator is a monolithic sensor with a small 
collection diode

Continuous low-dose deep n-implant Segmented low-dose deep n-implant
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• Bias voltage of -6V applied to p-wells and substrate

collection 
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CLICTD - front-end design

• Detector channel consists of 8 sub-
pixels (diode + analogue front-end)

➡  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 and 
ToA 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.
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(one ToT and ToA per channel)

2266 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 67, NO. 10, OCTOBER 2020

Fig. 3. Block diagram of the analog front-end (in blue) and digital logic (in gray) in the CLICTD detector channel.

the discriminator outputs is set until the shutter is closed. The
ToA counter has a depth of 8 bits, corresponding to a range
of 2.54 µs. As the time required for the signal to return to
the baseline is proportional to the signal amplitude (and thus
to the collected charge), the charge is determined by the time
interval for which the discriminator output stays above the
global threshold (ToT measurement). The ToT counter has a
depth of 5 bits and a programmable range from 0.6 to 4.8 µs.
Asynchronous state machines are implemented in the CLICTD
channel digital logic, in order to minimize the circuit area and
the power consumption. In the layout, metal lines are used to
shield the analog circuitry from the switching digital lines.

Since the information from the subpixels is combined using
an OR gate in the CLICTD channel, the time-stamp is stored
for the subpixel that first detected a hit. The energy information
measures the OR of the ToT of all subpixels in the channel,
in the case of overlapping signals from the subpixels. In the
case of multiple, discrete hits in the same channel and within
the same shutter frame, the sum of the measured ToT will be
accumulated in the ToT counter.

During readout, the digital logic switches to a 40-MHz
readout clock, and all channels in a column are connected
as a long shift register, shifting the acquired data out of the
chip serially. The readout clock frequency was selected as it
is sufficient for shifting the acquired data out of the CLICTD
matrix in a reasonable time (of the order of 1 ms). An optional
compression algorithm is implemented to reduce the amount
of data that are transmitted. The compression is based on a “hit
flag” bit that is set to “high” once the channel detects a hit.
For channels that detected a hit, all 22 bits of data (including
hit flag, ToA, ToT, and binary hit information for the eight
subpixels) are shifted out of the channel. In the case when the
channel did not detect a hit, only the hit flag bit is shifted out.

The following 21 bits are skipped and the readout proceeds
to the next channel. For the low expected occupancies in the
CLIC tracker (of about 1% for the CLICTD channel size), this
compression algorithm is expected to reduce the readout time
by approximately a factor of 15.

D. Periphery Electronics and Interface

In the analog periphery of the chip, 20 biasing DACs are
included in order to bias the different front-end nodes. For
testing and debugging purposes, the option to monitor or over-
write the output of each of the DACs is included. One of
the DAC outputs can be monitored or overwritten at a time.
In addition, the analog periphery comprises a bandgap circuit
that internally generates a voltage reference for the chip.

In the digital periphery, a slow control interface based on
a standard I2C slave is implemented [12]. Through the slow
control, the user can read and write all internal registers to
control the biasing DACs, to configure the matrix, as well as
to send test pulses, power pulsing, and readout commands.
Along with the data output, a clock output and a signal
indicating the start and end of the transmitted frame are sent
during readout to facilitate the synchronization with the data
acquisition (DAQ) system to sample the data.

E. Chip Integration and Verification

The CLICTD chip was integrated using the digital-on-top
approach. During the digital-on-top integration, the digital
descriptions of all analog and digital building blocks are
used to create a digital netlist that describes the connectivity
among all instances. This approach allows for high-level
digital simulations and verification of the design.

As a final step, the chip design was verified using the
universal verification methodology (UVM) [13]. During the
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Test-beam setup

3x Mimosa26
(upstream)

3x Mimosa26
(downstream)

CLICTDTimepix3

Particle beam

Scintillators 
+ PMTs

67 cm• MIMOSA26 planes

• Timepix3 track-timing plane

Timing resolution: ~ 1 ns

Track-position resolution 
at DUT: ~ 2 µm

• Device Under Test (DUT)

Readout with Caribou 
versatile DAQ system

• Test-beam measurements at the DESY II test beam facility

• Reconstruction and analysis 

Corryvreckan reconstruction framework

Electron beam with 5.4 GeV

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

The measurements leading to 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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Hit Detection Efficiency

• Full efficiency (> 99.7%) for threshold range of several hundred electrons 
(efficient operation window) 

• Reduced charge sharing for flavour with segmented n-implant leads to a 
higher seed signal which improves the efficiency for increasing thresholds

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
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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

• Approximately 2000 e-/h+ pairs per MIP as expected from active depth of ~25 µm
 (according to simulations and rotation studies)

Katharina Dort                                                       TIPP    2021

arXiv:2011.09389
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Position resolution 

• Position reconstruction can be improved by charge interpolation 
• Cluster position calculated by centre-of-gravity algorithm

• In row direction, an η-correction for non-linear charge sharing was applied 

• Position resolution at nominal threshold (178 e) : ~ 4.6 µm 
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Figure 17: Spatial resolution in row direction as a function of thresh-
old for both pixel flavours. The hatched band represents the statistical
and systematic uncertainties.
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Figure 18: Spatial resolution in column direction as a function of
threshold for both pixel flavours. The hatched band represents the
statistical and systematic uncertainties.
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Figure 19: Residual between track timestamp and reconstructed
cluster timestamp as a function of seed pixel charge before time-
walk correction for the pixel flavour with continuous n-implant. The
black crosses denote the mean of each ToT bin.
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Figure 20: Residual between track timestamp and reconstructed
cluster timestamp as a function of seed pixel charge after time-walk
correction for the pixel flavour with continuous n-implant. The black
crosses denote the mean of each ToT bin.

11

0 500 1000 1500 2000 2500
Threshold [e]

1

1.1

1.2

1.3

1.4

 M
ea

n 
cl

us
te

r c
ol

um
n 

si
ze Continuous n-implant

Segmented n-implant

CLICdp Bias = -6V / -6V

Figure 10: Mean cluster size in column direction as a function of
detection threshold. The hatched band represents the statistical and
systematic uncertainties.
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Figure 11: Mean cluster size in row direction as a function of detection
threshold. The hatched band represents the statistical and systematic
uncertainties.

0 2000 4000 6000 8000
Cluster seed charge [e]

0

0.02

0.04

0.06

0.08

0.1

Fr
ac

tio
n

Continuous n-implant
Segmented n-implant

CLICdp 
-Threshold = 178 e

Bias = -6V / -6V

Figure 12: Cluster seed signal distribution for both pixel flavours at
nominal conditions. The error bars reflecting the statistical uncer-
tainty are not visible.

In both dimensions, the spatial resolution is superior479

to the binary resolution that would be expected with-480

out charge sharing. The binary resolution is given by481

pitch/
p
12 and evaluates to 8.7 µm in row direction and482

10.8 µm in column direction.483

Threshold scan. In Fig. 17, the spatial resolution is shown484

in row direction as a function of the detection threshold.485

With increasing threshold, the spatial resolution degrades486

owing to the decrease in cluster size. The binary resolution487

of 8.7 µm is never exceeded.488

For threshold values greater than 1000 e�, the e�cient489

pixel area starts to shrink from the pixel edges leading to490

an improvement in the spatial resolution.491

The spatial resolution in column direction as a function492

of threshold is depicted in Fig. 18. It illustrates that the493

reduced charge sharing for the flavour with the segmented494

n-implant causes a degrading spatial resolution regardless495

of the detection threshold.496

6.5. Time resolution497

Nominal conditions. The time residuals are defined as the498

di↵erence between the track timestamp and the ToA of499

the DUT. In Fig. 19, the time residuals are depicted as a500

function of the seed pixel ToT for the pixel flavour with501

continuous n-implant. A slower response is observed for502

low signal heights (time-walk). The e↵ect is particularly503

strong in the pixel corners, where a lower seed signal is504

expected, as can be seen in Fig. 21 for the continuous n-505

implant and in Fig. 22 for the segmented n-implant. As506

a consequence, the time-walk is more pronounced for the507

flavour with continuous n-implant. This result is partic-508

ularly interesting for applications where precise timing is509

9

Row direction

• Cluster size in row direction remains unaffected since no 
segmentation was introduced 

Katharina Dort                                                       TIPP    2021
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Position resolution

• Reduced charge sharing for pixel flavour with segmented n-implant 
leads to a smaller cluster size in column direction 
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Figure 17: Spatial resolution in row direction as a function of thresh-
old for both pixel flavours. The hatched band represents the statistical
and systematic uncertainties.
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Figure 18: Spatial resolution in column direction as a function of
threshold for both pixel flavours. The hatched band represents the
statistical and systematic uncertainties.
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Figure 19: Residual between track timestamp and reconstructed
cluster timestamp as a function of seed pixel charge before time-
walk correction for the pixel flavour with continuous n-implant. The
black crosses denote the mean of each ToT bin.
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Figure 20: Residual between track timestamp and reconstructed
cluster timestamp as a function of seed pixel charge after time-walk
correction for the pixel flavour with continuous n-implant. The black
crosses denote the mean of each ToT bin.
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detection threshold. The hatched band represents the statistical and
systematic uncertainties.
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threshold. The hatched band represents the statistical and systematic
uncertainties.
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nominal conditions. The error bars reflecting the statistical uncer-
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In both dimensions, the spatial resolution is superior479

to the binary resolution that would be expected with-480

out charge sharing. The binary resolution is given by481

pitch/
p
12 and evaluates to 8.7 µm in row direction and482

10.8 µm in column direction.483

Threshold scan. In Fig. 17, the spatial resolution is shown484

in row direction as a function of the detection threshold.485

With increasing threshold, the spatial resolution degrades486

owing to the decrease in cluster size. The binary resolution487

of 8.7 µm is never exceeded.488

For threshold values greater than 1000 e�, the e�cient489

pixel area starts to shrink from the pixel edges leading to490

an improvement in the spatial resolution.491

The spatial resolution in column direction as a function492

of threshold is depicted in Fig. 18. It illustrates that the493

reduced charge sharing for the flavour with the segmented494

n-implant causes a degrading spatial resolution regardless495

of the detection threshold.496

6.5. Time resolution497

Nominal conditions. The time residuals are defined as the498

di↵erence between the track timestamp and the ToA of499

the DUT. In Fig. 19, the time residuals are depicted as a500

function of the seed pixel ToT for the pixel flavour with501

continuous n-implant. A slower response is observed for502

low signal heights (time-walk). The e↵ect is particularly503

strong in the pixel corners, where a lower seed signal is504

expected, as can be seen in Fig. 21 for the continuous n-505

implant and in Fig. 22 for the segmented n-implant. As506

a consequence, the time-walk is more pronounced for the507

flavour with continuous n-implant. This result is partic-508

ularly interesting for applications where precise timing is509

9

• Smaller cluster size in column direction for flavour with segmented n-
implant leads to a degrading position resolution in this direction

Column direction

(not relevant for momentum measurement in magnetic field)

Katharina Dort                                                       TIPP    2021
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Time resolution
• Faster charge collection for flavour with 

segmented n-implant

• Laboratory measurements show that the 
time resolution is limited by the front-end 

• At nominal threshold (178 e) for the 
segmented n-implant: ~ 5.8 ns
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Figure 17: Spatial resolution in row direction as a function of thresh-
old for both pixel flavours. The hatched band represents the statistical
and systematic uncertainties.
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Figure 18: Spatial resolution in column direction as a function of
threshold for both pixel flavours. The hatched band represents the
statistical and systematic uncertainties.
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Figure 19: Residual between track timestamp and reconstructed
cluster timestamp as a function of seed pixel charge before time-
walk correction for the pixel flavour with continuous n-implant. The
black crosses denote the mean of each ToT bin.
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Figure 20: Residual between track timestamp and reconstructed
cluster timestamp as a function of seed pixel charge after time-walk
correction for the pixel flavour with continuous n-implant. The black
crosses denote the mean of each ToT bin.
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Figure 17: Spatial resolution in row direction as a function of thresh-
old for both pixel flavours. The hatched band represents the statistical
and systematic uncertainties.
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Figure 18: Spatial resolution in column direction as a function of
threshold for both pixel flavours. The hatched band represents the
statistical and systematic uncertainties.
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Figure 19: Residual between track timestamp and reconstructed
cluster timestamp as a function of seed pixel charge before time-
walk correction for the pixel flavour with continuous n-implant. The
black crosses denote the mean of each ToT bin.
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Figure 20: Residual between track timestamp and reconstructed
cluster timestamp as a function of seed pixel charge after time-walk
correction for the pixel flavour with continuous n-implant. The black
crosses denote the mean of each ToT bin.
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After time-walk correction
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Figure 23: In-pixel time residuals for the pixel flavour with continuous
n-implant after time-walk correction.
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Figure 24: In-pixel time residuals for the pixel flavour with segmented
n-implant after time-walk correction.
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Figure 25: Time residuals between track timestamp and CLICTD
timestamp after time-walk correction. The error bars reflecting the
statistical uncertainty are not visible.

500 1000 1500 2000 2500
Threshold [e]

6

8

10

12

14

 T
im

e 
re

so
lu

tio
n 

[n
s]

Continuous n-implant
Segmented n-implant

CLICdp Bias = -6V / -6V

Figure 26: Time resolution as a function of the detection threshold.
The hatched band represents the statistical and systematic uncer-
tainties.
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Combining 3D TCAD with MC framework

• Transient Monte Carlo (e.g. Allpix Squared or Garfield++)  is 
combined with electrostatic 3D TCAD simulations 

✓ Accurate sensor modelling

✓ Access to high statistics 

NIM A 964 (2020) 163784

• Transient pulses between transient 3D 
TCAD and static 3D TCAD + Allpix 
Squared (APSQ) are in good agreement 
with each other 0 5 10 15 20 25 30

drift time [ns]
0

2

4

6
9−10×

 in
du

ce
d 

cu
rre

nt
 [A

]

TCAD

APSQ + TCAD

Transient 3D TCAD
Static 3D TCAD + 

Allpix Squared

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

Charge injection in pixel corner

• Allpix Squared framework: Full detector 
simulation from energy deposition until 
digitisation of signal NIM A 901 (2018) 164-172 

Katharina Dort                                                       TIPP    2021

• Complex sensor structures require advanced 
simulation techniques 

CLICdp preliminary
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Comparison to data
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• High statistics simulations take stochastic 
nature of interaction between particles and 
silicon sensor into account 

• Observables can be studied as a function of 
in-pixel incidence position

• Doping profile, weighting potential and 
electrostatic field maps are imported from 
electrostatic 3D TCAD simulation to

• ensure precise field modelling

• allow for accurate calculation of charge 
carrier lifetime, drift velocities, mobilities etc.
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Time resolution in simulation

Seed charge [e]Seed charge [e]

Ti
m

e 
[n

s]

Ti
m

e 
[n

s]

• In simulation: threshold-crossing time 
of signal is used to estimate sensor time 
resolution 

• No simulation of front-end or 
electronics noise 

• Time RMS after time-walk correction < 2 ns 
for segmented n-implant

Katharina Dort                                                       TIPP    2021

Continuous n-implant Continuous n-implant
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CLICTD on Czochralski wafer
• Limited thickness of epitaxial layer (~ 30 µm)

Epitaxial layer
Czochralski

➡  High-resistivity Czochralski wafer 
(> 800 Ωcm) material allows for 
higher substrate voltages and a 
larger depleted/active volume 
NIM A 986 (2021) 164381 

• Larger cluster size -> improvement in 
position resolution expected

• Improved signal/noise -> improvement in 
time resolution expected

• Larger efficient operation range 

• Test-beam campaign foreseen for June 2021

Katharina Dort                                                       TIPP    2021

• Thickness of Czochralski samples : 100 µm

• Various different design parameters were produced and will be 
compared systematically

Segmented n-implant
Bias voltage p-well: -6V

CLICdp preliminary
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Summary and Outlook 
• CLICTD fulfils the main CLIC tracker requirements:

✓   Position resolution (in row direction) : 4.6 µm

✓   Time resolution (limited by front-end) : 5.8 ns

✓  Full efficiency (> 99.7%) over threshold range of 
several hundred electrons

Thank you for your attention

• Simulations using electrostatic 3D TCAD and a MC framework allow for 
an accurate sensor modelling and high statistics

• Systematic test-beam studies of samples with different bulk material 
and thicknesses (down to 40 µm), using inclined tracks foreseen 

Katharina Dort                                                       TIPP    2021

• Advanced simulation techniques required for complex sensor designs
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Back-up
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References - Allpix Squared

• Detectors for HEP 

Selected Applications

• MAPS (CLICTD, ALICE, ARCADIA,…), 
RD53, ATLAS ITk Strips, …

• NASA / Space Radiation Analysis

• ISS radiation monitor simulations

• Germanium X-ray detector 
(Synchrotron SOLEIL)

• Education / Outreach activities 

• EDIT Detector School, Beamline 
for Schools 2019,…

https://cern.ch/allpix-squared

Website

Repository 

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

User Forum  

https://cern.ch/allpix-squared-forum/

User Manual 

https://cern.ch/allpix-squared/
usermanual/allpix-manual.pdf

Mailing list 

https://e-groups.cern.ch/e-groups/
Egroup.do?egroupId=10262858Publications

NIM A 901 (2018) 164-172 


NIM A 964 (2020) 163784
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Inclined particle tracks
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• CLICTD is tilted in row direction

• Spatial resolution is best around 35 degrees 
where cluster size 2 is most prominent 

Cluster position reconstruction is still work in progress

CLICdp - work 
in progress

Sp
at

ia
l r

es
ol

ut
io

n 
[ μ

m
]

35 deg

Cluster sizes vs rotation angle Spatial resolution vs rotation angle

CLICdp - work in 
progress

Single sub-pixel

Pitch column: 37.5 µm 

Pitch row
: 30.0 µm
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Comparison of simulation against data
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• Cluster size is very sensitive to differences in electric field, charge 
carrier lifetime, etc. 

• For high rotation angles, simulation gets more sensitive to charge 
carrier lifetime, mobility model, electric field, …  

• Uncertainties related to the doping profiles are currently investigated

Continuous n-implant

➡High accuracy of sensor modelling is needed

Continuous n-implant, threshold 170e
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Efficiency
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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

• Inefficient regions start to arise at the pixel edges due to the 
enhanced charge sharing 

• The higher efficient operation window for the pixel flavour with 
segmented n-implant is especially relevant for sensors with thin 
active layers 
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