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Precise timing with silicon
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Challenge:

Optimise these parameters for picosecond timing while 
maintaining other performance requirements

Picosecond 
timing

Spatial 
precision

Radiation 
tolerance

Low 
power

Timing resolution in silicon pixel detectors mainly determined by:

1. Sensorgeometry and fields

2. Charge-collection (Landau) noise

3. Electronicnoise

4. Gain by internal charge multiplication
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1. Sensor geometry and fields
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Sensor optimization for time measurement means:

Sensor time response independent from the particle trajectory

Ҧ "Parallel plate" read out: wide pixels w.r.t. depletion region

Desired features:

Å Uniform weighting field (signal induction)

Å Uniform electric field (charge transport)

Å Saturated charge drift velocity (signal speed)
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is produced by the non uniformity of the 
charge depositionin the sensor:

When large clustersare absorbedat the electrodes,their contribution is removedfrom the induced

current. The statistical origin of this variability of I ind makesthis effect irreducible in PN-junction
sensors.
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L. Paolozzi 2014- http://www.infn.it/thesis/thesis_dettaglio.php?tid=11828 
2. Charge collection noise
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Time jitter

Fast integration

Once the geometry has been fixed, the time resolution depends mostly on the amplifier performance .

3. Electronic noise
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In SiGeHeterojunction Bipolar Transistors(HBT)the grading of the bandgap in the Base
changesthe charge-transport mechanismin the Basefrom diffusion to drift :

Grading of germanium in the base:
field-assisted charge transport in the Base, 
equivalent to introducing an electric field in the Base 

short eςtransit time in Base very high ɓ

smallersize reductionof Ὑ and very highὪ

Hundreds of GHz

electrons

holes

emitter

n+ Si
base

p-Si1-xGex

collector

n+ Si

Linear grade

BJT

3. Electronic noise
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4. Gain
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ÅA gain layer allows larger signals,
and thus, better time resolution

ÅThis is achieved in the LGADs with a gain layer under the pixel;

ÅAs you will see, we have a different strategy 

1 mm 60 µm 1 mm

gain layer 20ς100 µm
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4. Gain
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Charge collection noiserepresentsan intrinsic limit to the time resolution for a 
semiconductor PN-junction detector.

~30 psreached by present LGAD sensors.

Lowercontribution from sensorswithout internalgain

H. Sadrozinski, A. Seiden and N. Cartiglia,2018Rep. Prog. Phys.81 026101

8



14/3/2023 Lorenzo Paolozzi - ULITIMA 2023

The                                    Project

SiGe BiCMOS

MONOLITHIC

PicoAD:

Picosecond

Avalanche

Detector

Our recipe for

picosecond timing

with silicon:
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Monolithic SiGeBiCMOSfor timing
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2016

200ps

2017

110ps

2018

50ps
Å1 and 0.5 mm2 pixels
ÅDiscriminator output

Å30 pixels 500x500µm2

Å100ps TDC +I/O logic
ÅHexagonal pixels 65µm 

and 130µm side
ÅDiscriminator output

ÅHexagonal pixels 65µm side
Å30ps TDC +I/O logic
ÅAnalog channels

2019

36 ps

Monolithic prototypes with SiGe BiCMOS (without internal gain layer)

Test beam results of 2019 prototype

JINST P02019 2022

Sensor with no gain test beam results: JINST P02019 2022
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PicoADSensor Concept
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Multi -JunctionPicosecond-Avalanche Detector©

with continuous and deep gain layer:

ÅDe-correlation from implant size/geometry 
Ệ highpixel granularity and full fill factor

(high spatial resolution)

ÅOnly small fraction of charge gets amplified 
Ệ reduced charge-collection noise

(enhance timing resolution)

© G. Iacobucci, L. Paolozzi and P. Valerio. Multi-junction pico-avalanche detector;  

European Patent EP3654376A1, US Patent US2021280734A1, Nov 2018

Step 1 Step 6Step 5Step 4Step 3Step 2
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PicoADSensor Concept
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Sensor growth on low resistivity wafers:

1. No dedicated backside processing needed

2. Low resistivity important to end depleted 
active region of sensor and minimise 
coupling to FE integrated in pixel
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Thin Ψabsorbtion regionΩ, 1st epitaxial layer:

1. Region where primary charge charge 
drifting towards topside gets amplified is 
produced

2. Thin layer (~5µm) to minimise charge 
collection noise

PicoADSensor Concept
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Thin and uniform deep gain layer:

Å Same doping of gain layer over full pixel cell 
(full Ψfill-factorΩ):

Å Uniform gain and minimisation of pixel 
edge effects

Å Gain layer physically seperated from pixel 
implant:

Å Can decrease absorbtion region to 
minimise charge collection noise 
without increasing sensor capacitance 
(coupling to backside substarte p+)

Å Can integrate FE electronics inside pixel 
implant (fully monolithic CMOS)

PicoADSensor Concept
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Thicker Ψdrift regionΩ, 2nd epiaxial layer:

Å Constrains:

Å Not too thick:
ÅMaximise weighting field (θ

1/depletion)
ÅMaximise drift field 

Å Not too thin:
ÅMinimize capacitance
ÅMinimize impact of pixel implants 

on gain layer uniformity

PicoADSensor Concept
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Fully monolithic CMOS processing:

Å Implemented in large collection electrode 
design to maximise weighting field over 
full pixel cell 

Å Pixel implant size can be minimised while 
maintaining gain layer uniformity! 

Å Hexagonal design to minimise edge effects 
(impact on gain layer + high field 
breakdown between pixels)

PicoADSensor Concept
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}
Pico-

second 
sensor 
timing

ᵼ Sensor optimised for picosecond timing in fully  
monolithic small pixel design

ᵼPicoAD concept provides simultaneusly:

Å Reduced charge collection noise

Å Reduced sensor capacitance

Å Improved weighting field

Å Small pixel size

Å Fully monolithic CMOS design

PicoADSensor Concept
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PicoADSensor Concept
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Å The introduction of fully-depleted multi-pn junctions 
allows to engineer the electric field.

Å New device with unique timing and reliability 
performance.

Å Gain with 100% fill-factor.

Å Geant4 + Cadence simulations estimate ~2ps time 
resolution contribution from the sensor.

Å Requires low-noise, ultra fast electronics to be fully 
exploited.

Picosecond Avalanche Detector (PicoAD):EU Patent EP18207008.6
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PicoADmonolithic proof-of-concept prototype
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ÅFour matricesof hexagonal pixels withҒ 100µm pitch

Åwith different electronics configurations

ÅFour analog pixels
Åtested with 55Fe source and in testbeam

The proof-of-concept monolithic ASIC was produced by IHP in 
their SG13G2 SiGeBiCMOSprocessusing the existing 2019 
prototype design.  

The ASIC contains:

IHP also produced PicoADspecial wafers

with four different gain-layer implant doses

PicoADProof-Of-Concept Prototype (2021)

65µm
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