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OUTLOOK

• General overview of Silicon Pixel Detector

• The ALICE case:

• Chip (ALPIDE)

• New Inner Tracking System (ITS2)
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• Silicon Pixel Detectors are solid state detectors

• They are often (always ?) contrasted with Gaseous Detectors,

Multi Wire Proportional Chamber (MWPC) in the past, 

today Micro Pattern Gaseous Detector (MPGD) like GEM

These are not the only options for a tracker ! 

vs.
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https://twiki.cern.ch/twiki/pub/LHCb/UpgradeSciFiTracker/SciFi_TDR_20131220.pdf

Scintillating fibers are also an option
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Semiconductor physics

and 

technology are very rich

and

very rapidly evolving
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https://www.chiphistory.org/
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• Energy band structure

• Electron density

• Hole density

• Electron, hole drift velocity

• Resistivity

• PN-jonction

and much more



Silicon Pixel Detectors

P. Riedler
CERN

CH-1211 Geneva 23

TROISIEME CYCLE DE LA PHYSIQUE EN SUISSE ROMAND DU SEMESTRE D’HIVER 2006/2007

http://riedler.home.cern.ch/riedler/epfl2006/

Quite complete review

with a lot of information

and 

references
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What are Silicon Pixel Detectors ?
• Solid state detectors, i.e. compact, thin (< 1 mm) 

• made of silicon (so far)

• in which a passing charged particle or gamma ray 

produces a signal by ionization 
(as in a gas but 3.6 eV to create an e-h pair, 30 eV in gases)

• The 2D-matrix allows to record images or complex multi-

particle events.

On-detector circuitry & data processing
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Young technology (1990) 

but quite common nowadays
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(TowerJazz)
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But:

• Main application is imaging, i.e. detection of photons

• High flux

• Poor time resolution

So we can’t simply browse the catalogue and place the order
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Two different chips, detector + electronics:

+ flexible (detector material can be different from Si),

higher resistivity

- extra production step, yield

- thicker, more material

+ no constraints on electronics design (but bump)

+ no issue with back bias, full depletion possible

(more robust w.r.t. radiation damage)

+ Mature technology, present in all LHC experiment

One chip, detector + electronics on the same substrate:

+ thinner, less material (down to 50 mm) 

+ one production step

+ smaller readout chip (no bump)

+ issue with back bias, full depletion not (yet) possible

(more sensitive to radiation damage)
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20 mm silicon wafer
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Pb-Sn Bump Bond 

Pb-Sn solder bumps: ~25µm diameter

50 µm (rf) x 425 µm (z) pixel cell

(29 mm x 27 mm pixel pitch)
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A bit of history
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In 1995 the WA97 experiment operated the first pixel telescope

in Pb-Pb collisions (fixed target mode)
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The WA97 telescope consisted of 7 planes, 50 mm x 50 mm  active area

0.5 x 106  pixels in total
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ITS2 is based on the ALPIDE chip 

(ALice PIxel DEtector)  

30 mm x 15 mm, 0.5 x 106 pixels

ITS2 consists of 7 layers, more than 12 Gpixel

10 m2 active Si area
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How can we, today, build

a

Gpixel detector based on 

monolithic technology?
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In order to implement full functionality both PMOS and NMOS transistors are needed

The NWELL of a PMOS trans behaves exactly as the NWELL of the collection diode

i.e. the electrons will drift or diffuse towards ALL NWELL in the pixel

The spreading of the already small signal (~1000 e-) over many collection points 

makes the detector unusable

e

e
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The introduction of a DEEP PWELL was the technological breakthrough

which make possible to overcome this limitation:

the transistors NWELL are now shielded and an unique collection electrode is present
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Parameter Inner Barrel Outer Barrel

Chip size (mm x mm) 15 x 30

Chip thickness (mm) 50 100

Spatial resolution (mm) 5 10 (5)

Detection efficiency > 99%

Fake hit rate < 10-6 evt-1 pixel-1 (ALPIDE << 10-6)

Integration time (ms) < 30     (< 10)

Power density (mW/cm2) < 300 (~40) < 100 (~30)

TID radiation hardness (krad) 270 10

NIEL radiation hardness (1 MeV neq/cm2) 1.7 x 1012 1.7 x 1011

Readout rate, Pb-Pb interactions (kHz) 100

Readout rate, pp interactions (kHz) 400

Hit Density, Pb-Pb interactions (cm-2) 19 < 1

(*) In color: ALPIDE performance figure where above requirements 

ALPIDE Requirements
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ALPIDE – Technology and Pixel Layout

NA ~ 1018

Small n-well diode (2 mm diameter),                   

~100 times < than pixel, low capacitance (~fF)

P. Martinengo, CERN 

High-resistivity (> 1kW cm) p-type 
epitaxial layer (25mm) on p-type substrate

Reverse bias voltage (-6V < VBB < 0V) to 

substrate (contact from the top) to 

increase depletion zone around NWELL 

collection diode   

full CMOS circuitry within active area: 

In-pixel:

• Amplification

• Discrimination

• 3-hit storage register (MEB)

• In-matrix sparsification

(only pixel w/ signal above a given  threshold are R/O) 

CMOS Pixel Sensor using TowerJazz 0.18mm CMOS Imaging Process   
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NA ~ 1016 cm-3

NA ~ 1013 cm-3

NA ~ 1018 cm-3
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Matrix 
(512 × 1024 pixels)

Analog DACs

Digital Periphery

Regular Pads + Custom Blocks
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ALPIDE Architecture (G. Aglieri Rinella)

– 29 mm x 27 mm pixel pitch

– Continuously active front-end

– Global shutter

– Zero-suppressed matrix readout

– Triggered or continuous readout modes
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In pixel:
Amplification
Discrimination
3 hit storage registers (MEB)

03/11/2020 P. Martinengo, CERN 29



Pixel (G. Aglieri Rinella)

DV=Q/C

v

t

PIX_IN

tr> 100 us

tf~= 10 ns ~2 ms peaking timev

t

OUT_A

threshold

OUT_D

STROBE

5-10 ms

Analog front-end and discriminator continuously active
Non-linear and operating in weak inversion. Ultra-low power: 40 nW/pixel 
The front-end acts as analogue delay line
Test pulse charge injection circuitry
Global threshold for discrimination -> binary pulse OUT_D

Digital pixel circuitry with three hit storage registers (multi event buffer)

Global shutter (STROBE) latches the discriminated hits in next available register In-Pixel masking logic

Cdet~2.5 fF @ -6 Vbb

Cin~1.6 fF
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Matrix Readout (G. Aglieri Rinella)

31

The Priority Encoder sequentially provides the addresses of all hit pixels in a double column
Combinatorial digital circuit steered by peripheral sequential circuits during readout of a frame

No free running clock over matrix. No activity if there are no hits

Energy per hit: Eh ~= 100 pJ -> ~3 mW for nominal occupancy and readout rate

Buffering and distribution of global signals (STROBE, MEMSEL, PIXEL RESET)
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ALPIDE performance
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• Big operational margin with only 10 masked pixels (0.002%), fake-hit rate < 10-10 pixel/event                            
(requirement < 10-6)

• Chip-to-chip fluctuations negligible 

• Non-irradiated and NIEL/TID chips show similar performance

• Sufficient operational margin after 10x lifetime NIEL dose
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ALPIDE – Detection Efficiency and Fake-Hit Rate

99%
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• Chip-to-chip fluctuations negligible

• Non-irradiated and TID/NIEL chips show similar performance

• Resolution of about 5µm at a threshold of 200 electrons

• Sufficient operational margin even after 10x lifetime NIEL dose

ALPIDE – Resolution and cluster size
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From chip to detector
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The ITS2 is constituted by

- 7 layers; 3 (IL), 2 (ML), 2(OL)

- 192 staves; 48 (IL), 54 (ML), 90 (OL)

Layer #

1

2

1

6

2

0

3456

n. of Staves

012

2430424

8

Detector Barrel Staves
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Flexible PCB

9 sensors

Cold Plate

Space Frame

Outer Barrel

Inner Barrel

FPC side

sensor side

Stave Layout

sensors thinned to 50mm

sensors 

thinned to 

100 mm
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Inner Barrel stave

Adopted by sPHENIX & NA61

The ALICE Muon Forward Tracker (MFT) is also based on ALPIDE
P. Martinengo, CERN 
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Inner Barrel Stave Mechanics & Cooling

Coolant: H2O,  leak-less
Sensor temperature < 30°C 
Temperature non-uniformity < 5°C

Tout=16.6°C

Tin=15.8° C

Max T periph=18.5° C

Min T pixel =16.5° C

290mm length

W = 100 mW / cm2  (> x2 nominal) ,  H2O flow rate = 3 Lh-1

P. Martinengo3/11/2020
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Material budget
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Outer Barrel stave



Chip series test and Hybrid Integrated Circuit (HIC) assembly  

ALICIA (IBS) 

6 machines (+1 MFT)

(Chip probe testing & HIC assembly) 

ALICIA = ALice Integrated Circuit Inspection and Assembly 

Chip tray
Probe card

Assembly table

P. Martinengo, CERN 
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STRIP DVDD AVDD AVDD DVDDSTRIP STRIP STRIP STRIP STRIP STRIP STRIPBIAS

DVSS AVSS DVSS

solder mask

aluminum (IB) / copper (OB)

polyimide

solder mask

aluminum (IB) / copper (OB)

30mm

25mm/18 mm

75mm

25mm/18 mm

30mm

Flexible Printed Circuit (FPC) cross section 

Wire Bonding

Droplets of glue (epoxy resin) dispensed on the FPC chip pads aligned to FPC VIAs

FPC to Chip interconnection (Al wire bonding)

solder mask

aluminum (IB) / copper (OB)

polyimide

solder mask

aluminum (IB) / copper (OB)

30mm

25mm/18 mm

75mm

25mm/18 mm

30mm

pixel chip pad

glueglue

Al bonding

wire

PCB conductor

aluminum  Inner Layers

copper outer layers
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(3 wires: redundancy, lower resistance)



Chip%

FPC%

Solder%balls%

Laser%

Chip 

Coverlay 

Metal 
Polyimide 

Metal 
Coverlay 

2 Layers, Vacuum 

deposition

20 µm
25 µm

75 µm

25 µm
20 µm

50 µm

200 µm

Laser soldering: connection of Pixel chip to flexible printed circuit  

Laser soldering machine 

Selective laser soldering

Laser Soldering

All process main issues were solved

More time needed to bring the process to a  

steady single interconnection yield of  ~99.99%

Remains a very promising interconnection 

technology for future applications

R&D addressed: 

• Geometry of the interconnection

• soldering ball, interface pad and VIA

• laser beam profile and power time 

profile   

• ….
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ALICE IB Stave in NA61 (2016)



Inner Barrel Stave Mechanics & Cooling
ALICE ITS Upgrade

Coolant: H2O,  leak-less

Sensor temperature < 30°C 

Temperature non-uniformity < 

5°C

Tout=16.6°C

Tin=15.8° C

Max T periph=18.5° C

Min T pixel =16.5° C

290mm length

W = 100 mW / cm2  (> x2 nominal) ,  H2O flow rate = 3 Lh-1
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Up to 30 hit/cm2

(M. Šuljić)
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Half Inner Barrel
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Cosmics tracks reconstructed in the Inner Barrel 
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Outer Barrel Assembly
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• Silicon Pixel detector is a mature technology

• Present in (almost) all HEP experiments

• Silicon contribution to material budget already negligible

• Next: services & mechanics

• R&D for new generation started, including radiation hardness

• Smarter pixels but area shrink but also transistors, 3D ?

• Don’t forget interconnections !

CONCLUSIONS



Thank you for your attention !
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Performance of new ITS (MC simulations) 
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Space Frame

~1500mm length 

~ 80gram weight 

Power 

bus

Space Frame

Cold

Plate

2x7 

sensors

FPC

single-phase H2O leak-

less

- temperature < 30°C 

- non-uniformity < 5°C

- dissipation < 

100mW/cm2

Outer Barrel Stave Mechanics & Cooling
ALICE ITS Upgrade
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Outer Detector Barrel
ALICE ITS Upgrade

Stave 

Outer Detector 

Half Barrel

Conical 

Structural 

Shell

Service 

Barrel
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SOLENOID
(warm, B=0.5 T)

Muon arm

DIPOLE
(warm, B=0.7 T, 3Tm)

BARREL
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Excellent tracking, vertexing and PID capabilities:
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From ITS to ITS2
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ITS took a well deserved retirement last year

Now in the ALICE exposition at P2
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ALICE ITS Upgrade

62IB mechanics


