
Particle detection

with semiconductor detectors
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Pre-work

● Watch: what is a semiconductor? 
https://www.youtube.com/watch?v=gUmDVe6C-BU

● Watch: how does a transistor work? 
https://www.youtube.com/watch?v=IcrBqCFLHIY

● Read 10.1.4 (mobility) and 10.3 (the np semiconductor junction and depletion 
depth) in Techniques for nuclear and particle physics experiments

● Submit a picture of band gaps in semiconductors, insulators, and conductors.
● Answer the questions in the quiz
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https://www.youtube.com/watch?v=gUmDVe6C-BU
https://www.youtube.com/watch?v=IcrBqCFLHIY
https://link.springer.com/book/10.1007%2F978-3-642-57920-2


By the end of today you will be able to...

● Explain the difference between a semiconductor, insulator, and conductor
● Explain how a semiconductor can be used to detect particles
● Explain signal creation, detection, propagation, and processing in 

semiconductor detectors
● Argue for different detector technologies in different applications.

What will not be fully covered until later in the course:

● How to use particle detectors to construct particle tracks
● How to use particle detectors for particle identification
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What is a semiconductor?
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Semiconductors
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semiconductor
conductor

insulator

Solid state 
material: atomic 
energy levels 
merge to energy 
bands

https://en.wikipedia.org/wiki/Wafer_(electronics)
https://upload.wikimedia.org/wikipedia/commons/c/c7/Isolator-metal.svg
https://www.springer.com/gp/book/9783540572800


In your webcam
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… you have a particle 
detector!

http://physicsopenlab.org/2016/05/18/diy-webcam-particle-detector/
http://physicsopenlab.org/2016/05/18/diy-webcam-particle-detector/
http://physicsopenlab.org/2016/05/18/diy-webcam-particle-detector/


Semiconductors
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semiconductor
conductor

insulator

https://upload.wikimedia.org/wikipedia/commons/e/ee/EPROM_Microchip_SuperMacro.jpg
https://en.wikipedia.org/wiki/Camera_phone#Technology
https://en.wikipedia.org/wiki/Wafer_(electronics)
https://upload.wikimedia.org/wikipedia/commons/c/c7/Isolator-metal.svg
https://www.techhive.com/article/246931/cmos-is-winning-the-camera-sensor-battle-and-heres-why.html
https://upload.wikimedia.org/wikipedia/commons/5/5a/SAMSUNG_Galaxy_Note10.jpg


A semiconductor device is easy to 
manipulate, easily controlled, and 
makes an excellent sensor

8



What happened when silicon was 
heated in the video?
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Silicon bonds
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Silicon at 0 K: all electrons are 
bonded

Silicon at higher temperature: 
through thermal excitations, 
some electrons are excited and 
holes are left behind.

https://www.springer.com/gp/book/9783540572800


Solid state physics: semiconductor 
statistics
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Fermi-Dirac
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Fermi-Dirac
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https://www-physics.lbl.gov/~spieler/


Probability that an electron state in the 
conduction band is filled
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https://www-physics.lbl.gov/~spieler/


Intrinsic semiconductor
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Intrinsic semiconductor

Concentration of 
acceptor/donor 
impurities NA/ND or 
Nc/Nv 
conduction/valence 
band edge density of 
states

thermally 
generated eh 
pairs

<<

Excited 
electrons n

Number 
of holes p

No doping yet!

https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324


Carrier concentration
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Nc: effective 
density of states at 
conduction band 
edge

Nv: effective 
density of states at 
valence band edge

Excited 
electrons n

Number 
of holes p

https://www-physics.lbl.gov/~spieler/


Intrinsic carrier concentration
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The product of electron 
and hole concentrations

depends 
only on the 
gap 
energy

Band gap energy in silicon Eg = 1.12 eV

https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/
https://www.springer.com/gp/book/9783540283324


Depletion zone in intrinsic semiconductor
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Electrons and holes 
diffuse through the 
junction. 

This results in a 
potential difference 
called the built-in 
voltage between the p 
and n regionsNo doping yet!

https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/


A semiconductor device is easy to 
manipulate

19



Charge carriers: jargon alert
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Intrinsic or pure or undoped 
semiconductors:
Equal amount of e- and h carriers 

N-type semiconductors are 
doped with a donor impurity that 
results in electrons becoming the  
majority carrier and holes the 
minority carrier.

P-type semiconductors are 
doped with an acceptor impurity 
that results in holes becoming 
the  majority carrier and 
electrons the minority carrier

Now, we dope! =)

why?

https://www.onlinelibrary.wiley.com/doi/book/10.1002/0470068329


join a p-doped and n-doped semiconductor
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pn junction

https://www.springer.com/gp/book/9783540572800


Dope that stuff! Improve performance
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Net carrier 
concentration

Doping concentration N: commonly 
expressed in terms of the 
measurable resistivity of the 
material.

What was μ?

https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/


Dope that stuff! Improve performance
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Net carrier 
concentration

Doping concentration N: commonly 
expressed in terms of the 
measurable resistivity of the 
material.

What was μ?

https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/


Example silicon diode and strip detector

Highly doped surface layer in lightly doped 
“bulk”

Ohmic contact = back electrode 
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https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/


Fermi level depends on doping concentrations
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small

Fermi level close to 
conduction band edge

https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/


Fermi level depends on doping concentrations
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small

Fermi level close to 
conduction band edge

What happened at the pn junction in the video?
Can we detect particles like that?

https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/


A signal in a gas detector
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?
Last week:

https://canvas.uva.nl/courses/21535/files/4229281?module_item_id=851719


A signal in a gas detector
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Last week:

https://canvas.uva.nl/courses/21535/files/4229281?module_item_id=851719
https://canvas.uva.nl/courses/21535/files/4229281?module_item_id=851719


Adjust the pn diode to particle detection mode
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Increase depletion 
zone by applying a 
reverse bias

Particle detection 
mode!

https://www-physics.lbl.gov/~spieler/


Reverse bias

Ideal for particle detection!

Suppress current across junction

Incoming particles ionize the atoms 
creating electron-hole pairs

e-h pairs travel in electric field

Charge induced in electrodes
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Remember 
Poisson:

https://link.springer.com/book/10.1007/978-3-540-71679-2
https://www.springer.com/gp/book/9783540572800


Full vs partial depletion
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Partial depletion Overdepletion

https://www-physics.lbl.gov/~spieler/


Depletion zone
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We want a large depletion zone! Why?

d = depletion 
depth

https://www.springer.com/gp/book/9783540572800
https://www.springer.com/gp/book/9783540572800
https://www.springer.com/gp/book/9783540572800
https://www.springer.com/gp/book/9783540572800
https://www.springer.com/gp/book/9783540572800
https://www.springer.com/gp/book/9783540572800
https://www.springer.com/gp/book/9783540572800
https://www.springer.com/gp/book/9783540572800


Depletion width: the higher, the more signal

33Why does the particle come in at such a shallow angle? Hint: it is on purpose.

Silicon has an 
excellent position 
resolution

https://login.ezproxy.cern.ch/login?url=https://link.springer.com/book/10.1007/3-540-28333-1


dE/dx: electron hole pairs created in silicon
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Silicon density at ~293 K: 
2.3290 g/cm3

300 μm silicon

Silicon mean ionization 
energy: 3.6 eV

protons

From https://physics.nist.gov 

23000 e- in 300 μm silicon → 2.76 MeV / cm 

Week 1: stopping power

https://en.wikipedia.org/wiki/Silicon
https://www.springer.com/gp/book/9783540283324
https://physics.nist.gov
https://physics.nist.gov
https://canvas.uva.nl/courses/21535/files/4168799?module_item_id=844898


Band gap vs mean ionization energy

35

What is 
the silicon 
band gap 
energy?
The 
ionization 
energy?
Why?

https://www-physics.lbl.gov/~spieler/Heidelberg_Notes_2005/pdf/II_Signal_Formation.pdf


Band gap vs mean ionization energy

36

What is 
the silicon 
band gap 
energy?
The 
ionization 
energy?
Why?

https://www-physics.lbl.gov/~spieler/Heidelberg_Notes_2005/pdf/II_Signal_Formation.pdf
https://www.onlinelibrary.wiley.com/doi/book/10.1002/0470068329


A semiconductor device is easy to 
manipulate, easily controlled, and 
makes an excellent sensor
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Apply a reverse bias to the diode with 
pn junction to deplete the sensor of 
free carriers. The larger this zone, the 
more sensitive volume for detecting 
particles.
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https://link.springer.com/book/10.1007/978-3-540-71679-2


Dope a silicon detector with acceptors 
or donors to control the depth w  of 
your depletion zone.

39
Resistivity is inversely proportional to the 
doping concentration



Semiconductors make excellent 
sensors: applications

40



Large Hadron Collider

41https://cdn.zmescience.com/wp-content/uploads/2015/05/cern-lhc-aerial.jpg 
H t  tp://s  ites.uci.edu/energyobserver/files/2012/11/lhc-aerial.jpg

https://www.youtube.com/watch?v=NhXMXiXOWAA 

https://cdn.zmescience.com/wp-content/uploads/2015/05/cern-lhc-aerial.jpg
http://sites.uci.edu/energyobserver/files/2012/11/lhc-aerial.jpg
https://www.youtube.com/watch?v=NhXMXiXOWAA


42https://www.sciencemag.org/sites/default/files/styles/inline__699w__no_aspect/public/ca_0914NID_CMS_Detector_online.jpg?itok=EzPQHkIv 

Where can I find 
silicon detectors?

https://www.sciencemag.org/sites/default/files/styles/inline__699w__no_aspect/public/ca_0914NID_CMS_Detector_online.jpg?itok=EzPQHkIv
https://www.sciencemag.org/sites/default/files/styles/inline__699w__no_aspect/public/ca_0914NID_CMS_Detector_online.jpg?itok=EzPQHkIv


Silicon detector
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CMS silicon strip tracker: the largest 
silicon tracker in the world!

https://www.lhc-epistemologie.uni-wuppertal.de/fileadmin/lhcepistemologie/media/bilder/slider_home1_1200x600.jpg
https://www.lhc-epistemologie.uni-wuppertal.de/fileadmin/lhcepistemologie/media/bilder/slider_home1_1200x600.jpg
https://www.lhc-epistemologie.uni-wuppertal.de/fileadmin/lhcepistemologie/media/bilder/slider_home1_1200x600.jpg


44https://www.sciencemag.org/sites/default/files/styles/inline__699w__no_aspect/public/ca_0914NID_CMS_Detector_online.jpg?itok=EzPQHkIv 

CMS pixel detector

https://www.sciencemag.org/sites/default/files/styles/inline__699w__no_aspect/public/ca_0914NID_CMS_Detector_online.jpg?itok=EzPQHkIv
https://www.sciencemag.org/sites/default/files/styles/inline__699w__no_aspect/public/ca_0914NID_CMS_Detector_online.jpg?itok=EzPQHkIv


CMS pixel detector removal 2019

45

Picture of extraction

How about that ATLAS? ;-)

https://www.fsp-cms.de/outreach/photo_wettbewerb/


CMS pixel detector
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One “pixel detector”

Services: DCDC converters, 
conversion to optical signal...

50 cm

Innermost layer is 
currrently being 
replaced at CERN



Applications of silicon detectors

47

X-ray astronomy
Medical imaging

Week 1 X-ray spectroscopy

X-ray 
imaging

https://canvas.uva.nl/courses/21535/files/4112627?module_item_id=838032
https://en.wikipedia.org/wiki/Astronomy
https://en.wikipedia.org/wiki/Medical_imaging
https://canvas.uva.nl/courses/21535/files/4112627?module_item_id=838032
https://en.wikipedia.org/wiki/Radiography


Applications of silicon detectors

48

X-ray astronomy
Medical imaging

Week 1 X-ray spectroscopy

X-ray 
imaging

Need no superfast taking 
of pictures every second: 
rather integrate over time 
to measure energy.

https://canvas.uva.nl/courses/21535/files/4112627?module_item_id=838032
https://en.wikipedia.org/wiki/Astronomy
https://en.wikipedia.org/wiki/Medical_imaging
https://canvas.uva.nl/courses/21535/files/4112627?module_item_id=838032
https://en.wikipedia.org/wiki/Radiography


How do we detect particles with a 
semiconductor?

49



A signal in a gas detector

50

Last week:



Ideal signal detection with silicon sensors

● A minimum ionizing 
particle (MIP) traveling 
through a fully depleted 
region (VFD) creates 
electron hole pairs

● The charges drift to 
opposite directions 
under the electric field

● Within nanoseconds, 
charges are collected at 
the readout 

51

p-in-n silicon sensor 

From Frank Hartmann

https://rd.springer.com/book/10.1007/978-3-319-64436-3
https://rd.springer.com/book/10.1007/978-3-319-64436-3


A hybrid pixel detector
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threshold

diffusion?

https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif
http://www.umich.edu/~ners580/ners-bioe_481/lectures/pdfs/2017-06-MRSbulletin_Pennicard-semiconductorMaterialsForXrayDetectors.pdf
https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif
https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif


How did signal travel in gas detectors?
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Drift vs diffusion

54

Figures from Daniel Hynds

Planar hybrid sensor

Animations by Robbert Geertsema

Monolithic sensor

https://indico.cern.ch/event/577810/contributions/2451809/attachments/1424287/2184155/dhyndsOpenSession8March.pdf
https://indico.cern.ch/event/577810/contributions/2451809/attachments/1424287/2184155/dhyndsOpenSession8March.pdf
https://indico.cern.ch/event/577810/contributions/2451809/attachments/1424287/2184155/dhyndsOpenSession8March.pdf


Charge “collection”
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Charge is induced in the electrodes

56

https://login.ezproxy.cern.ch/login?url=https://link.springer.com/book/10.1007/3-540-28333-1
https://login.ezproxy.cern.ch/login?url=https://link.springer.com/book/10.1007/3-540-28333-1
https://www-physics.lbl.gov/~spieler/


Charge is induced in the electrodes

57

Weighting potential φw: set one 
electrode to unit potential, all 
others zero → solve Poisson

From Ramo and 
Shockley

Ew weighting field 
≠ electric field

https://login.ezproxy.cern.ch/login?url=https://link.springer.com/book/10.1007/3-540-28333-1
https://login.ezproxy.cern.ch/login?url=https://link.springer.com/book/10.1007/3-540-28333-1
https://login.ezproxy.cern.ch/login?url=https://link.springer.com/book/10.1007/3-540-28333-1
https://login.ezproxy.cern.ch/login?url=https://link.springer.com/book/10.1007/3-540-28333-1
https://www.springer.com/gp/book/9783540572800


Charge is induced in the electrodes

58

Ew is not the electric field! It is the weighting potential

Infinite parallel plate Collection electrode ⅓ 
wafer thickness

Collection electrode 1/10  
wafer thickness

https://login.ezproxy.cern.ch/login?url=https://link.springer.com/book/10.1007/3-540-28333-1
https://www-physics.lbl.gov/~spieler/


How do we detect particles with a 
semiconductor?

59



Ionizing radiation creates electron-hole 
pairs in a sensitive depleted volume of 
silicon. A current is induced in 
electrodes, amplified, and detected as 
a signal when over threshold.

60

threshold

https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif
https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif


How do you measure if a 
semiconductor is an excellent sensor?

61



Sensor characterization with Timepix telescope
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K. Akiba et al 2019 JINST 14 P05026
K. Heijhoff et al 2020 JINST 15 P09035

Do you remember?
Mentioned in week 
1

https://indico.cern.ch/event/959707/contributions/4033758/attachments/2121057/3570012/tpx3TelescopeTimingResolution.pdf
https://doi.org/10.1088/1748-0221/14/05/P05026
https://doi.org/10.1088/1748-0221/15/09/P09035
https://canvas.uva.nl/courses/21535/files/4112627?module_item_id=838032
https://canvas.uva.nl/courses/21535/files/4112627?module_item_id=838032


Pixel cell dimensions and spatial resolution

● Charge sharing depends on pixel pitch
● Best resolution: cluster size of 2 . why?

63

Optimal charge sharing at an angle atan(pitch/depth):
50×50 μm2: atan(50/150) = 18.4°

thickness

pitch

What happens if too many pixels share the charge?

https://indico.cern.ch/event/196414/contributions/367222/attachments/287919/402397/DESY-beam-tests-2012.pdf
https://indico.cern.ch/event/196414/contributions/367222/attachments/287919/402397/DESY-beam-tests-2012.pdf


Pixel cell dimensions and spatial resolution

● Charge sharing depends on pixel pitch
● Best resolution: cluster size of 2 

64

Optimal charge sharing at an angle atan(pitch/depth):
50×50 μm2: atan(50/150) = 18.4°

50×50 μm2 

RD53A 
2 pixel charge sharing for 18°

σhit=5.7 μm

thickness

pitch

https://www.eventclass.org/contxt_ieee2018/online-program/session?s=N-26#
https://indico.cern.ch/event/196414/contributions/367222/attachments/287919/402397/DESY-beam-tests-2012.pdf
https://indico.cern.ch/event/196414/contributions/367222/attachments/287919/402397/DESY-beam-tests-2012.pdf


Measuring depletion depth

65
Grazing angle method

Undepleted volume

https://login.ezproxy.cern.ch/login?url=https://link.springer.com/book/10.1007/3-540-28333-1
https://www.sciencedirect.com/science/article/pii/S0168900201018654
https://login.ezproxy.cern.ch/login?url=https://link.springer.com/book/10.1007/3-540-28333-1
https://login.ezproxy.cern.ch/login?url=https://link.springer.com/book/10.1007/3-540-28333-1


Measuring the depletion depth
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Typical IV 
curve

https://login.ezproxy.cern.ch/login?url=https://link.springer.com/book/10.1007/3-540-28333-1


How to detect particles with your 
phone?

67



Are semiconductors easy to control? 

68



Noise: capacitance

69Week 2: brief introduction to electronics

Total capacitance of each pixel to 
backside determines noise on 
preamplifier

For a 20, 000 μm2 pixel cell on 
300-μm-thick silicon this gives 
a contribution of about 7 fF

https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif
https://canvas.uva.nl/courses/21535/files/4152048?module_item_id=843372
https://login.ezproxy.cern.ch/login?url=https://link.springer.com/book/10.1007/3-540-28333-1


Noise: cross talk

Cross-talk or interpixel  
capacitance between pixels -- hits 
where one does not expect hits -- 
here entire columns!

70
Thresholds are tuned to pick up signal and not too 
much noise. Why are layer 1 thresholds higher?

https://indico.cern.ch/event/806731/contributions/3497523/attachments/1925292/3186515/vertex19_dk.pdf


Noise: leakage current

Leakage current or dark current: thermal excitations or diffusion of free 
charge carriers from undepleted into depleted region

→ generation of electron-hole pairs

This is highly temperature dependent:

71

Roughly doubles every 
8 K.

https://login.ezproxy.cern.ch/login?url=https://link.springer.com/book/10.1007/3-540-28333-1


Semiconductor = silicon?

72



Actually, no!

73

Until 1959
Germanium most common
Silicon worse conductivity 
because of unstable 
states at surface

Other materials: diamond (C) 5.5 eV, 
Gallium arsenide (GaAs) 1.43 eV, Silicon 
dioxide SiO2  9 eV … many more!

Lower band gap :
What does that 
mean?



Actually, no!

74

Until 1959
Germanium most common
Silicon worse conductivity 
because of unstable 
states at surface

Other materials: diamond (C) 5.5 eV, 
Gallium arsenide (GaAs) 1.43 eV, Silicon 
dioxide SiO2  9 eV … many more!

Lower band gap :
→ larger signal
→ larger leakage 
current



75

https://www-physics.lbl.gov/~spieler/


Actually, no!

76

Until 1959
Germanium most common
Silicon worse conductivity 
because of unstable 
states at surface

1959 Mohamed Atalla and Dawon Kahng 
develop surface passivation: coat silicon surface 
with SO2:

Metal-oxide-semiconductor field-effect transistor

Silicon has a high quality, robust native 
oxide. This property is unique among 
semiconductors.

https://upload.wikimedia.org/wikipedia/commons/a/a5/MOSFET_Structure.png


Actually, no!

77

Until 1959
Germanium most common
Electric signal could not 
reach electrode in silicon: 
worse conductivity because 
of unstable surface states

1959 Mohamed Atalla and Dawon Kahng 
develop surface passivation: coat silicon surface 
with SO2:

Metal-oxide-semiconductor field-effect transistor

1960-2018 13e22 MOSFETs produced: most 
frequently manufactured device in history!

What are the three pins?

https://computerhistory.org/blog/13-sextillion-counting-the-long-winding-road-to-the-most-frequently-manufactured-human-artifact-in-history/?key=13-sextillion-counting-the-long-winding-road-to-the-most-frequently-manufactured-human-artifact-in-history
https://upload.wikimedia.org/wikipedia/commons/a/a5/MOSFET_Structure.png
https://nl.rs-online.com/web/p/mosfets/8962439/?cm_mmc=NL-PLA-DS3A-_-google-_-CSS_NL_NL_Semiconductors_Whoop-_-(NL:Whoop%21)+MOSFETs-_-8962439&matchtype=&pla-418806790486&gclid=EAIaIQobChMI8cWguPfs7gIV4oBQBh0EXQZFEAQYBSABEgL3VfD_BwE&gclsrc=aw.ds


MOSFET

78

https://upload.wikimedia.org/wikipedia/commons/thumb/0/05/MOSFET_functioning_body.svg/2000px-MOSFET_functioning_body.svg.png
https://nl.rs-online.com/web/p/mosfets/8962439/?cm_mmc=NL-PLA-DS3A-_-google-_-CSS_NL_NL_Semiconductors_Whoop-_-(NL:Whoop%21)+MOSFETs-_-8962439&matchtype=&pla-418806790486&gclid=EAIaIQobChMI8cWguPfs7gIV4oBQBh0EXQZFEAQYBSABEgL3VfD_BwE&gclsrc=aw.ds


79

https://www.youtube.com/watch?v=IcrBqCFLHIY


Those tiny things

Very large scale 
integration: VLSI

Combines many transistors 
on a single chip to create 
an integrated circuit

Feature size: 22 nm in the 
movie. We are only at 180 
nm today (CMS pixel still 
has 250 nm!)

80



                        CMOS

81

A long 
process to 
create a 
CMOS 
sensor!

https://upload.wikimedia.org/wikipedia/commons/thumb/5/57/CMOS_fabrication_process.svg/512px-CMOS_fabrication_process.svg.png
https://upload.wikimedia.org/wikipedia/commons/thumb/5/57/CMOS_fabrication_process.svg/512px-CMOS_fabrication_process.svg.png
https://upload.wikimedia.org/wikipedia/commons/thumb/5/57/CMOS_fabrication_process.svg/512px-CMOS_fabrication_process.svg.png


A semiconductor device is easy to 
manipulate, easily controlled, and 
makes an excellent sensor

82



Two types of silicon sensors: hybrid vs monolithic
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Figures from Daniel 
Hynds

Planar hybrid sensor:
❌ Limited thickness for stability
❌ Limited pixel pitch
❌ Bump bonding costly
✅ But widely used and reliably 
radiation-resistant
✅ Fast

Animations by Robbert Geertsema

Monolithic sensor:
✅ Very little material
✅ Low noise
❌ Limited depletion region: slow 
charge collection by diffusion but 
this is improving
❌ Not very radiation-hard but 
this is improving

https://indico.cern.ch/event/577810/contributions/2451809/attachments/1424287/2184155/dhyndsOpenSession8March.pdf
https://indico.cern.ch/event/577810/contributions/2451809/attachments/1424287/2184155/dhyndsOpenSession8March.pdf
https://indico.cern.ch/event/577810/contributions/2451809/attachments/1424287/2184155/dhyndsOpenSession8March.pdf
https://indico.cern.ch/event/577810/contributions/2451809/attachments/1424287/2184155/dhyndsOpenSession8March.pdf


Other semiconductor detectors

Timepix
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Silicon photomultiplier -- from week 2

An LHCb sensor on Timepix3 
Application Specific Integrated Circuit 
(ASIC)

Timepix -- and Medipix -- were 
developed at Nikhef

https://canvas.uva.nl/courses/21535/files/4152047?module_item_id=843371
https://canvas.uva.nl/courses/21535/files/4152047?module_item_id=843371


Why silicon not gas?

85



Next generation silicon detectors
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Nikhef R&D group works with LHC experiments and Nikhef 
electronics group on pixel detectors that are now being 
installed at the LHC!
Remember from week 1 the ALICE MAPS detector? 0.1% X0!

https://www.nikhef.nl/en/nikhefdimensies/
https://www.nikhef.nl/en/nikhefdimensies/
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Next: how to calibrate a detector?
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Additional material
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Literature

● Slides from Erik Butz (see also here), Simon Spannagel, Freya Blekman, Peter Schleper, Erika Garutti, 
Ingrid-Maria Gregor

● Book on Pixel detectors by Rossi, Fischer, Rohe, Wermes
● Book on Semiconductor Detector Systems by Helmuth Spieler, see also online notes
● Particle data group review: passage of radiation through matter
● Book on particle radiation by Konrad Kleinknecht
● Book on Techniques in experimental particle physics by WR Leo
● Book on The art of electronics by Horowitz and Hill
● Book on Evolution of silicon sensor technology in particle physics by Frank Hartmann
● Book on Physics of Semiconductor devices by SM Sze and Kwok K Ng
● Book on Semiconductor radiation detectors by Gerhard Lutz
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https://cds.cern.ch/record/
2637873/files/CERN-THES
IS-2018-153.pdf Linxing 
Meng

https://indico.desy.de/event/19044/contributions/33778/attachments/21545/27431/munich_terascale_ebutz_200m2_silicon.pdf
https://indico.cern.ch/event/724025/contributions/3380332/attachments/1830529/2997713/2019-04-16-Teilchendetektoren-I.pdf
https://indico.cern.ch/event/761537/contributions/3554111/attachments/1915139/3165947/CERNintroCERNteachersNLBE019.pdf
https://www.desy.de/~schleper/lehre/Det_Dat/SS_2018/
https://www.desy.de/~garutti/LECTURES/ParticleDetectorSS12/L2_Interaction_radiationMatter.pdf
https://indico.desy.de/category/651/
https://www.springer.com/gp/book/9783540283324
https://books.google.ch/books/about/Semiconductor_Detector_Systems.html?id=MUMb3y37yqYC
https://www-physics.lbl.gov/~spieler/
https://pdg.lbl.gov/2019/reviews/rpp2018-rev-passage-particles-matter.pdf
https://www.cambridge.org/nl/academic/subjects/physics/particle-physics-and-nuclear-physics/detectors-particle-radiation-2nd-edition?format=PB&isbn=9780521648547
https://www.springer.com/gp/book/9783540572800
https://artofelectronics.net/
https://link-springer-com.ezproxy.cern.ch/book/10.1007/b106762
https://www.onlinelibrary.wiley.com/doi/book/10.1002/0470068329
https://link.springer.com/book/10.1007/978-3-540-71679-2
https://cds.cern.ch/record/2637873/files/CERN-THESIS-2018-153.pdf
https://cds.cern.ch/record/2637873/files/CERN-THESIS-2018-153.pdf
https://cds.cern.ch/record/2637873/files/CERN-THESIS-2018-153.pdf


Do you remember?
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https://en.wikipedia.org/wiki/Fermi%E2%80%93Dirac_statistics
https://en.wikipedia.org/wiki/Density_of_states


Do you remember?
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Fermi-Dirac

Density of states

https://en.wikipedia.org/wiki/Fermi%E2%80%93Dirac_statistics
https://en.wikipedia.org/wiki/Density_of_states


Intrinsic semiconductor
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Intrinsic semiconductor

Concentration of 
acceptor/donor 
impurities NA/ND 

thermally 
generated eh 
pairs

<<

Excited 
electrons n

Number 
of holes p

No doping yet!

https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324


Fermi energy
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Fermi function:

https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324


Fermi energy
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Density of states

https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324


Fermi energy
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Carrier concentration

https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324


Fermi energy
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Carrier 
concentration

Fermi function:

Density of 
states

Band gap energy in silicon Eg = 1.12 eV

Still no doping!

https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324
https://www.springer.com/gp/book/9783540283324


Carrier concentration
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The product of electron 
and hole concentrations

depends 
only on the 
gap 
energy

The                            relationship is maintained: law of mass action

https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/
https://www-physics.lbl.gov/~spieler/
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https://www.springer.com/gp/book/9783540572800


                           Electrostatics

101

Poisson

https://www.springer.com/gp/book/9783540572800
https://www.springer.com/gp/book/9783540572800
https://www.springer.com/gp/book/9783540572800


Actually, no!
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Until 1959
Germanium most common
Silicon worse conductivity 
because of unstable 
states at surface

1959 Mohamed Atalla and Dawon Kahng 
develop surface passivation: coat silicon surface 
with SO2:

Metal-oxide-semiconductor field-effect transistor

1959: first monolithic integrated circuit from silicon 
1967: flash memory invented by Kahng and S. Sze → EEPROM 

Inside 
a sim 
card

Silicon has a high quality, robust native 
oxide. This property is unique among 
semiconductors.

https://upload.wikimedia.org/wikipedia/commons/a/a5/MOSFET_Structure.png
https://en.wikipedia.org/wiki/Integrated_circuit#First_integrated_circuits
https://en.wikipedia.org/wiki/Flash_memory#Background
https://en.wikipedia.org/wiki/EEPROM
https://en.wikipedia.org/wiki/SIM_card

