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FASTPIX

• Monolithic pixel sensor demonstrator chip in modified 180 nm CMOS 
imaging process 

➔ Hexagonal pixels with small, few fF capacitance collection electrodes

+ Large signal-to-noise ratio in favor of detection efficiency and timing 
performance

− Non-uniform electric fields, time dependency on in-pixel particle incidence

• Design variations aiming at charge collection optimization

• Target: excellent spatial and temporal resolution with high efficiency 

• Future high-energy and high-rate particle collider experiments 

• Wide application range (e.g. spectroscopy, microscopy, medical 
applications)

ATTRACT FASTPIX: 
Sub-Nanosecond Radiation Tolerant 
CMOS Pixel Sensors

https://phase1.attract-eu.com/showroom/project/sub-nanosecond-radiation-tolerant-cmos-pixel-sensors-fastpix/
https://phase1.attract-eu.com/showroom/project/sub-nanosecond-radiation-tolerant-cmos-pixel-sensors-fastpix/
https://phase1.attract-eu.com/showroom/project/sub-nanosecond-radiation-tolerant-cmos-pixel-sensors-fastpix/
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The Sensor

➔ Four groups with different pixel pitches: 
I: 8.66 μm, II: 10 μm, III: 15 μm, IV: 20 μm

➔ Different design parameters implemented      
Collection electrode size, geometry of implant structures
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The Pixel Cell
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MODIFIED PROCESS

M. Munker et al 2019 JINST 14 C05013 
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STANDARD PROCESS
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OPTIMIZED PROCESS 

CHARGE SHARING

CHARGE COLLECTION SPEED

➔ Process and design modifications for uniform depletion and accelerated charge collection

✚ Add implant structures at pixel edge ➔ shape electric field ➔ uniform acceleration of charge to collection electrode

Wafer W15Wafer W03 Wafer W18
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https://iopscience.iop.org/article/10.1088/1748-0221/14/05/C05013
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Sensor Design Parameters in Optimized Process
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CLICdp Timepix3 Telescope Setup
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• CERN SPS North Area test beam on 
beamline H6 at 120 GeV/c pions

• DUT between upstream and downstream 
Timepix3 (TPX3) reference planes

• FASTPIX read out by Oscilloscope
… controlled by Caribou DAQ
… connected to telescope DAQ
• FASTPIX: -6V for substrate and p-wells 

• Per 5 sec. spill ~ 1000k in telescope
yields ~ 0.5k triggers on matrix

• Microchannel Plate PMT (MCP-PMT) as 
time reference

➔ ~ 𝓞(10 ps) MCP-PMT timing precision

3 x TPX3

MCP

BEAM

UPSTREAMDOWNSTREAM

3 x TPX3

DUT on 
chip board

X,y,rot. 
stage

3D printed 
support

max. 1MHz in spill 1 cm2
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• Standard W03 vs Modified W15 for 20 μm matrix

• Fully efficient operation, threshold of 38 electrons  
for both samples

➔ No significant difference in cluster size or efficiency

with deep n-implant

without deep n-implant

matrix in-pixel

matrix in-pixel

eff.

eff.

W15 #3 – 20 μm matrix

W03 #3 – 20 μm matrix
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Cluster Size and Efficiency – 20 μm Pixel Pitch
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➔ Standard W03 is 40% less efficient than Modified
W15 for 8.66 μm pixel pitch

➔ Modified W15 has around 3 times higher mean 
cluster size
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Cluster Size and Efficiency – 8.66 μm Pixel Pitch
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• IF full efficiency at the same threshold:

➔ More charge sharing with Standard W03
➔ Expected larger cluster size for Standard W03

compared to Modified W15
• BUT small pitch causes:

➔ Increased charge sharing 

➔ On average smaller signal on seed pixel 

➔ Signal more likely to stay below threshold 

➔ Hit and remaining pixels in the cluster remain 
undetected

➔ Process modifications of Modified W15 help to 
contain the charge within single pixel 

➔ More margin for efficient detector operation of 
small-pitch matrices
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➔ Standard W03 is 40% less efficient than Modified
W15 for 8.66 μm pixel pitch

➔ Modified W15 has around 3 times higher mean 
cluster size
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Spatial Residuals for Optimized Process
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➔ Smaller pitch ➔ lower RMS

➔ Spatial resolution down to 1 μm after unfolding telescope tracking resolution of ~ 1.7 μm
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𝞂fit, gaus = 1.82 μm
RMS = 1.89 μm
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Time Residuals for Optimized Process
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RMS of time residuals for all matrices between 100 ps and 200 ps

➔ Larger pitch ➔ lower RMS: smaller mean cluster size + more uniform lateral field ➔ larger share of signal collected by 
single pixel ➔ pos. influence on time resolution

matrix 23
time walk 

correction per 
cluster size

RMS99.7% = 103 ps 

Time Residual

𝞂fit, gaus = 103 ps 

RMS = 107 ps 
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RMS of Time Residuals



Time Residuals for Optimized Process
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Smaller pitch ➔ shorter drift distance but also more charge sharing and larger cluster size

➔ Deteriorated time resolution for the seed pixel ➔ better performance for larger pixel pitch

➔ 20 μm matrix shows 15% better timing performance compared to 10 μm matrix in optimized process

RMS99.7% = 128 ps 
𝞂fit, gaus = 121 ps 

RMS = 140 ps 
RMS99.7% = 109 ps 
𝞂fit, gaus = 104 ps 

RMS = 138 ps 



• Successful integration in existing Timepix3 telescope, reconstruction and analysis framework

• Process modifications are essential to maintain efficient operation for small pixel pitch

• FASTPIX reaches spatial resolution down to 1 μm

• FASTPIX reaches ~𝓞(100 ps) timing precision for optimized process

NEXT STEPS

➔ Further improvements of reconstruction and analysis methodology

➔ Additional test beam campaigns focusing on measurement statistics and implications of angled tracks

13

Summary & Outlook
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Fundamental challenges:
1. Increase and shape field significantly while maintaining small sensor 

capacitance

2. Limitations of circuitry on sensor and vice versa

Standard process: Gap in deep n-implant:Modified process:

Single pixel current pulse from transient  3D TCAD 
MIP simulation in pixel corner :

Additional vertical junctions

2019 JINST 14 C05013

capacitance will happen. Noise contributions from sensor (shot noise) and readout circuit will also
degrade timing performance as these e�ectively introduce random signal fluctuations.

If not mentioned otherwise, the simulations discussed in the following have been performed
with a voltage of 0.8 V on the collection electrode and �6 V on the p-wells and backside substrate.
Cuts through the pixel centre of the simulated three-dimensional pixel cell are presented.

As shown in figure 2 for a pixel size of 36.4 ⇥ 36.4 µm2, the lateral electric field is due to
symmetry zero at the pixel corners and the electric field along the sensor depth reaches a zero value
close to the depth of the deep planar junction, resulting in a zero overall electric field at the pixel
corners, a constant electrostatic potential, indicated by a star symbol in the figure. As visualised by
the black arrows, the direction of the electric field along the sensor depth results in a push of charge
carriers created at various sensor depth at the pixel corner into this electric field minimum. For the
propagation of the charge out of this minimum the lateral component of the electric field is crucial.

Lateral electric field: Electric field along sensor depth: Electrostatic potential:

Figure 2. Results of the electrostatic simulation for the modified process with a pixel size of 36.4 µm ⇥
36.4 µm. The black arrows mark the electric field stream lines, the star symbol indicates the electric field
minimum and the white lines mark the edges of the depleted regions.

As shown in figure 3, the size of the lateral field around the electric field minimum depends
strongly on the pixel size: the smaller the pixels, the larger the potential gradient and the electric
field along the lateral dimension, that helps to push the charge carriers out of this minimum and
towards the collection electrode.

Figure 3. Electrostatic potential for the modified process for di�erent pixel sizes. The black arrows mark
the electric field stream lines and the white lines mark the edge of the depleted regions.

The importance of considering the direction of the electric field can be understood by inspecting
di�erent backside bias voltages for the modified process (see figure 4). For lower backside voltages
the potential gradient and thus the electric field along the sensor depth are decreased. At the pixel
corner, this results in a change of the direction of the electric field towards the collection electrode
and thus a shorter drift path.

– 3 –

Electrostatic potential from 3D TCAD (color scale), streamlines (black 
arrows) and electric field minimum (star symbol):

Optimization performed with 3D Technology Computer Aided Design 

simulations (3D TCAD)

Sensor design optimization before FASTpix

7

Pitch of 30um 

Voltage p-well/substrate = -6V/-6V

Pitch of 36.4μm, voltage p-well/substrate = -6V/-6V

16

Sensor Design Optimization 
Before FASTPIX

Slide taken from: M.Munker, iWoRiD 2021
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Frontend and Periphery
Each
and 
stage 
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of
buffer
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lines
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Readout Architecture (Digital Channels)
• Asynchronous readout with oscilloscope and 

off-chip processing

• Time-based position and time-over-threshold 
encoding on 3 channels: OR, DLY1, DLY2
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Readout Architecture
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• FASTPIX and oscilloscope controlled by Caribou 
and connected to telescope DAQ
• FASTPIX at -6V bias at substrate and p-wells
➔ Oscilloscope triggers on FASTPIX fast OR
➔ Triggers are fed to TDC on a SPIDR board for 

synchronization

• Analysis with Corryvreckan reconstruction 
framework 
•

➔ DLY calibration, raw data decoding scripts (C++)
➔ Alignment, analysis in Corryvreckan
➔ High-level analysis and plotting (Python, C++)

CLICdp Timepix3 Telescope Schematic

20

MCP

• 6 x Timepix3 connected to SPIDR readout boards

• Coincidence of Scintillator-PMTs is fed to TDC on 
a SPIDR board

• 2020 JINST 16 P03008
• 2021 JPS Conf. Proc. 34, 010024
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https://iopscience.iop.org/article/10.1088/1748-0221/16/03/P03008
https://doi.org/10.7566/JPSCP.34.010024
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Readout and Measurement Setup

• Stand-alone setup for initial laboratory tests and calibration 
➔ FASTPIX chip board contains wire-bonded detector, connects 

to readout system 
➔ CaR board provides power, bias voltages and currents and 

configuration/control of detector 

➔ FPGA/SoC runs Peary, the detector specific control firmware 
and data readout/processing software

FASTPIX on 
chip board

CaR board

FPGA 
SoC

• Caribou Data Acquisition System
Most recent publication by E Buschmann
DOI 10.1088/1748-0221/18/02/C02005
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Independent Time Reference - MCP-PMT

22

HAMAMATSU R3809U-50 CT1742

§ Acceptance ~1 cm2, expected resolution below 10 ps (see: J. Bortfeldt et al.)

§ Built-in amplifier and bias-T circuit (Vbias = 2.6 kV) à Oscilloscope-based readout

§ Custom 3D printed housing adapts to high-precision rails of telescope arms

BEAM

UPSTREAMDOWNSTREAM
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• Reference position: Center of lowest, left-most 
pixel in cluster

• Algorithm for two-pixel clusters 

➔ No correction in angular direction

• Algorithm for three-pixel clusters similar in r

➔ Correction in angular direction possible

➔ Two possible 𝞅-ranges: [-60°, 0°] & [0°, 60°] 
Page 10

Algorithm for 3-pixel clusters

• Find the pixel in the cluster with the lowest index, i.e. the bottom-left 
pixel of the cluster

- This is just a choice of what to use as reference position

• The centre of this pixel is the reference position; calculate r and + of 
reconstructed position and track/truth position relative to this

• For the radial position, the process is the same as for 2-pixel clusters. 
Here, also the + direction di#erence can be corrected however

• Each “bottom-left” pixel has 2 possible 3-pixel clusters

- The r-direction will have the same range for both

- The + value gets two distinct ranges possible;  -30° to 30° and 30° to 90°

- Map them onto a single range before doing the fit

• To reconstruct, find the reference pixel in the same way, find the cluster 
position in the r and + directions, and evaluate the fitted functions there 
and use those values instead

Yellow is track position, red is reconstructed

Note: + = 0 coincides with positive x-axis 

Eta Correction for hexagonal pixels

24

Correction in radial coordinates (r,𝞅) account for different 
axes in hexagonal grid

Page 3

Algorithm for 2-pixel clusters

• Find the pixel in the cluster with the lowest index, i.e. the bottom-left 
pixel of the cluster

- This is just a choice of what to use as reference position

• The centre of this pixel is the reference position; calculate r and + of 
reconstructed position and track/truth position relative to this

• Taking the di#erence in +, project the track radial position onto the 
cluster position radial direction

• Plot the projected track radial position vs the cluster position, and do 
a fit to get the correction in r

- There is nothing to be done to correct the + direction di#erence for 2-pixel 
clusters

• To reconstruct, find the reference pixel in the same way, find the 
cluster position in the r direction, and evaluate the fitted function 
there and take that value instead

Yellow is track position, red is reconstructed

Håkan Wennlöf et al.
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https://gitlab.cern.ch/hwennlof/corryvreckan/-/tree/hexEtaCorrection
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Unbiased Residual in x – all cluster sizes – 20 μm
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Residual in local X

Unbiased residual in x – pixel pitch pCERN = 20 μm ≡  pAPSQ = 23.1 μm

• Binary resolution approx.: ( 20 μm / 121/2 )CERN = 5.8 μm ≡ ( 23.1 μm / 121/2 )APSQ = 6.7 μm

• Telescope tracking resolution at DUT position: approx. 1.7 μm

➔ Some conclusion

noEta hexEta
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Time Walk Correction – 20 μm Pixel Pitch
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• Seed-pixel residuals over ToT
on pixel-by-pixel level

• Correction method

Split data into two sets
Set 1: obtain mean per ToT bin

Set 2: correct by subtracting 
mean of corresponding 
ToT bin from set 1

Repeat vice versa
• Correction per cluster size for 

1-, 2-, 3-, 4-, ≥ 5-pixel clusters

Impacts on timing performance 

• Signal share collected in 
seed pixel

• In-pixel particle incidence
Correction shown for all cluster sizes and 1-pixel clusters in this example
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In-Pixel Timing for Optimized Process
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time walk corrected time walk corrected

RMS99.7% = 109 psRMS99.7% = 128 ps 

Smaller pitch ➔ shorter drift distance but also more charge sharing and larger cluster size

➔ Deteriorated time resolution for the seed pixel ➔ better performance for larger pixel pitch

➔ 20 μm matrix shows 15% better timing performance compared to 10 μm matrix in optimized process

W18 #1 - 10 μm matrix W18 #3 - 20 μm matrix
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Time Residuals for Optimized Process 
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Larger cluster size ➔ more charge sharing ➔ deteriorated time resolution for the seed pixel

➔ Better performance for smaller cluster size

➔ Timing precision of 103 ps in single pixel clusters with 20 μm matrix in optimized process
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