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The sensor design 
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Monolithic silicon sensors

• Small material budget

• Reducing production costs/effort 

• Large-scale production possibilities

Small collection electrode design 

• Femto-Farad sensor capacitance

• Improving signal-to-noise ratio

• Reducing detection threshold

• Reducing power consumption

• On-chip CMOS electronics shielded 
by p-well in the active sensor volume

• P-well influences electric field and 
charge collection behaviour



The sensor design 
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Adding deep low-dose n-implant 
• Full lateral depletion of the 

epitaxial layer

Segmented deep low-dose n-implant 

• Lateral doping gradient -> stronger lateral 
electric field 

• Accelerated charge collection

• Reduced charge sharing

• Improved time resolution 

• Higher radiation tolerance
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Incident particle

• Modified 180 nm CMOS imaging 
process (e.g. ALPIDE, (Mini-)MALTA, 
CLICTD,…) 



Simulation of sensors with a 
small collection electrode
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• Complex non-linear field configurations 
due to small collection electrode design 

Collection electrode P-well 

Border of depletion region

30 um

30
 u

m

• Knowledge from planar sensors cannot 
be transferred 

➡ Precise sensor modelling needed
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Electrostatic Potential

• Field maps from electrostatic 3D TCAD 
simulations are imported into Allpix 
Squared

Electric 
stream lines 



Simulation set-up
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Reading field maps from 3D TCAD
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Doping profile

• Calculation of charge carrier lifetime

• Calculation of charge carrier mobility

Weighting potential
• Used to compute transient pulse 

Electric field 

• Used to compute drift of charge carriers 
in the sensor

• Maps computed with 3D TCAD are converted from an adaptive mesh to a 
regularly spaced mesh using the Mesh Converter tool

• They are imported using their respective Reader module
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Transient propagation 
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• Propagation taking drift and diffusion into 
account using the combined Masetti-Canali 
mobility model

• Charge carrier recombination based on 
the combined Auger and Shockley-Read-
Hall model

• Induced charge on collection electrode is 
calculated using the Shockley-Ramo theorem

• The resulting transient pulses are used in the subsequent modules
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Comparison to transient 3D TCAD
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• The transient pulse resembles the output obtained from 
transient 3D TCAD computations for all investigated pixel 
flavours

Standard flavour Modified flavour Gap flavour

• Charge injection along straight line at pixel corner (largest 
distance to electrode -> slowest charge collection expected)
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CLICdp- work in 
progress

CLICdp- work in 
progress

CLICdp- work in 
progress



Comparison to test-beam data
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The CLICTD technology demonstrator

• Fully integrated monolithic pixel sensor 
fabricated in modified 180 nm CMOS 
imaging process

Test-beam at the DESY II 
Test Beam Facility 

• 5.4 GeV electron beam 

• MIMOSA-26 reference telescope 
equipped with TimePix3 plane for 
improved time reference

3x Mimosa26
(upstream)

3x Mimosa26
(downstream)

CLICTDTimepix3

Particle beam

Scintillators 
+ PMTs

67 cm
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doi: 10.1109/TNS.2020.3019887
IEEE Tran. Nucl. Sci., August 2020

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)

NIM A 1006 (2021) 0168-9002 



Systematic uncertainties 
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Substrate

Transition region

n-type implant

out-diffusion 
at p-wellsout-diffusion 

at c-electriode

• Doping profiles are only known to a certain degree 

• Introduces systematic uncertainties in the simulations 
(both 3D TCAD and Allpix Squared)

• Out-diffusion of three different implants was varied by a factor of 3 
to quantify impact on cluster observables
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• Sensor design needs to be optimised such that 
small variations in the doping profiles do not 
alter sensor performance significantly

Katharina Dort                                          2nd Allpix Squared User Workshop

1 2 3 4
Cluster column size

0

0.2

0.4

0.6

0.8

#

Simulation - High smearing

Simulation - Low smearing

Simulation - Nominal

Data

Transition region

1 2 3 4
Cluster column size

0

0.2

0.4

0.6

0.8

#

Simulation - High smearing

Simulation - Low smearing

Simulation - Nominal

Data

P-well

1 2 3 4
Cluster column size

0

0.2

0.4

0.6

0.8

#

Simulation - High smearing

Simulation - Low smearing

Simulation - Nominal

Data

Collection electrode

• Non-linear impact on cluster size

Systematic uncertainties 

CLICdp- work in 
progress

• In the following: only modified pixel flavour

CLICdp- work in 
progress

CLICdp- work in 
progress



Spatial resolution
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• Band on data represents systematic uncertainties related to 
threshold calibration and test-beam reconstruction

• Band on simulation represents systematic uncertainties related to 
the doping profiles

• Simulation with linear electric field does not reproduce the data 
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CLICdp- work in 
progress

CLICdp- work in 
progress

• Good agreement using 3D TCAD combined with Allpix Squared



High-resistivity Czochralski material
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High resistivity Czochralski bulk

Not to scale

10
0 

um

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

• Limited thickness of epitaxial layer  

• High-resistivity Czochralski (> 800 Ωcm) 
starting material allows for larger 
depleted volume 

NIM A 986 (2021) 164381 

➡  Improved signal/noise ratio, larger 
cluster size (position resolution), 
larger efficient operation window
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Comparison to test-beam data
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• Doping concentration of Czochralski substrate not precisely known 
-> additional source of uncertainties

• Reconstruction and analysis of test-beam data currently on-going
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-6V/-6V -6V/-6V

CLICdp- work in 
progress

CLICdp- work in 
progress

• Comparison to data helps to confirm assumed resistivity



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

• Advanced simulation techniques required for complex sensor designs

• Uncertainties are dominated by doping profiles of the pixel 
implants 

• Good agreement over a wide parameter range 

• Comparison between data and simulation for advanced starting 
materials on-going

Thank you!



BACK - UP
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Hit detection efficiency
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• Good agreement at low/intermediate detection thresholds 
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CLICdp- work in 
progress

CLICdp- work in 
progress

• Simulation with linear field clearly overestimates efficiency
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Comparison with data 

• 6 MIMOSA-26 + 1 Timepix3 
sensor planes are used to form 
reference track

Test-Beam set-up at DESY 

• Timepix3 sensor provides 
reference time-stamp (~ 1.1 ns)

• Beam: 5.6 GeV electrons 

Simulation set-up

• Monte Carlo truth information used 
as spatial and timing reference 
(smeared with telescope resolution)

• Simulated beam particles : 5.6 
GeV electrons 
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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.
(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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Time resolution
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• Steeper slope for high signal heights (time-walk)

• Can be corrected offline by using charge 
information 
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• Non-linear relationship between ToT and charge 
in physical units

• Restricted charge measurement range 
(up to ToT 30)

• Limited statistics: full matrix is used for 
obtaining correction factors 

Challenges in data Data
Time

Threshold

time-walk

Time-over-Threshold (ToT)

Time-of-Arrival (ToA)

• Time-of-Arrival (threshold crossing)/Time-
over-Threshold (clock cycles above 
threshold) used to measure time/charge

• Limited range of test-pulse signal

• 100 MHz ToA clock limits time measurements



Time resolution
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• Simulation contains no front-end contribution 
(no time jitter) but only ideal sensor timing -> 
helpful to understand impact of sensor design 
on timing
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Time resolution
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• Reconstruction challenges in data can be largely overcome 
in simulation, which helps to study their impact on the final 
result
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• Timing in data is dominated by front-end effects

➡ Direct comparison to simulation not possible

CLICdp- work in 
progress

CLICdp- work in 
progress

Simulations - After time-walk correction


