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Look at modern silicon detector technology from 
different perspectives: 

Part I  – Interactions of particles and matter 
Part II  – Detection principles: solid state detectors 
Part III  – Applications of silicon detectors in particle physics 

Time is rather limited – more focused on concepts and 
representative examples than on details
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Part I

Interactions of  
Particles and Matter
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H. Kolanoski, N. Wermes,  
Particle Detectors: 
Fundamentals and 
Applications,  
Oxford UP 2020 

F. Hartmann,  
Evolution of Silicon 
Sensor Technology in 
Particle Physics,  
2nd Ed., Springer 2017
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Recommended Textbooks
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Many different physics processes, 
depending on particle type, charge, 
energy range, detector material 

Complicated interactions: analytical 
calculations often impossible  
→ simulations (Monte Carlo method) 

Excellent understanding of interactions 
→ best possible design of detectors
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Interactions of Particles and Matter

Simulation of a Higgs boson decay in CMS
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Charged Particles: z ≠ 0

Particle Class Examples Most Important Processes

charged particles muons µ±, pions 𝜋±,  
protons p, antiprotons !

ionization, excitation of atoms, 
Cherenkov radiation

very light particles electrons/positrons e±
bremsstrahlung  
(→ electromagnetic cascade), 
ionization

hadrons pions 𝜋±,  
protons p, antiprotons ! ionization, nuclear reactions
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Neutral Particles: z = 0

Particle Class Most Important Processes Remarks

photons γ 
absorption (photoelectric effect), 
scattering (Compton effect), 
cascades (pair production)

exponential 
attenuation,  
no defined range

hadrons, e.g. 
neutral kaons K0, 
neutrons n 

scattering, nuclear reactions 
(→ hadronic cascade),  
decays

neutrinos 𝜈 only electroweak interactions: 
charged and neutral currents
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Interaction of particles with matter influenced by medium: 
Atomic number Z: electromagnetic effects proportional to charge Zn of 
nucleus (exponent n different for different effects) 
Density and state of matter: number of scatterers per area, binding 
energies of scatterers in medium 
Electric and magnetic fields in medium 
Conductivity, e.g. electronic properties of conductors, semiconductors, 
superconductors
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Detection Medium
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Basic physics processes: 
Excitation of bound electrons  
(→ deexcitation, e.g. by photon emission) 
Ionization of atoms by inelastic scattering with 
electrons: dominant effect for heavy particles 
Radiation in electromagnetic fields: dominant 
effect for light particles
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Interactions of Charged Particles DET
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Ionization: average energy loss of heavy particles in matter  
(aka. “stopping power”) → Bethe equation 
 
 

With: 
z  charge number of incident particle 
Z, A charge number (also: atomic number), mass number of medium 
NA  Avogadro’s constant 
Tmax   maximum kinetic energy transfer 
𝛿(𝛽𝛾) Fermi’s density correction 
I  Mean excitation potential → previously: Bloch approximation I ≃ 10 eV·Z 
  today: http://pdg.lbl.gov/2021/AtomicNuclearProperties/ 
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Stopping Power
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Required sensitivity: 
detection of minimally 

ionizing particles (“MIPs”)

 ≈ 1.5 MeV cm2 g–1 

https://pdg.lbl.gov/2021/reviews/rpp2021-rev-passage-particles-matter.pdf
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Energy loss of charged particles in matter: stochastic process 
Bethe equation: average energy loss, but energy loss by single particles 
can vary significantly from average (with tails to very high energy loss) 
Wanted: distribution function of energy loss for fixed 𝛽𝛾 (“straggling 
function”) → use most probable energy loss (= maximum of distribution) 

Energy loss distribution:  
Thick absorbers: Gaussian distribution 
(central limit theorem) 
Thin (≤ 1–2 mm) absorbers: empirical  
Landau(-Vavilov) distribution (long tails  
due to knock-on electrons, aka. δ electrons)  
→ expected signal = most probable value (MPV) 
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Energy Loss Fluctuations
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Charged particles: Rutherford scattering off 
nuclei (and electrons)  

Large number of scattering processes  
(at least N ≥ 20), each with small-angle deflection  
→ net effect: statistical distribution of scattering 
angles θ 
Expected distribution function: Gaussian core 
(central limit theorem) with non-Gaussian tails 
(few large-angle “hard scatters” ~sin4 𝜃/2) 
Many approaches, especially “Molière theory”  
(G. Molière, Habilitation thesis, Tübingen, 1947) 
Reduction of multiple scattering relevant e.g. for 
precise position measurement in particle 
tracking
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Multiple Coulomb Scattering
MULTIPLE SCATTERING OF 15.7 —MEV ELECTRONS
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FIG. 3. Angular distribution of electrons from thick and thin
gold foils from 0' to 30'. The solid line represents the theory of
Moliere extrapolated through the region where his small and large
angle approximations give diAerent values. The dotted lines at
small angles represent the continuation of the gaussians of Fig. 1.
At larger angles, the dotted line represents the single scattering
contribution.

which is less dependent on the single scattering law.
This is done by taking the ratio of the observed scat-
tering intensities for the two gold foils. These ratios
are shown in Fig. 4. It is found that these are repre-
sented fairly well by the expression 2+95/ff' in the
region from 9' to 30'. The solid lines in the figure are
values obtained from Moliere's theory. The represen-
tations at small and large angles do not quite agree in
the region in which they overlap. (This disagreement
was ignored in the condensed scale used in Fig. 3.)
The ratio of scattering by two foils can also be ob-

tained from the theory of Butler. " Good agreement is
obtained with experiment if the gaussian used in
Butler's theory is reduced by 9 percent. The deviation
from the single scattering law at even larger angles has
been discussed more generally by Chase and Cox."At
angles up to 30', where the single scattering law can
be represented by 1/0', both Chase and Cox and Butler
find that the increase in scattering can be represented to
a first approximation by the factor 1+(4w'/et). This
factor is considerably smaller than Moliere's at large
angles. Sutler's expression, including the higher order
"S.T. Butler, Proc. Phys. Soc. (I.ondon) 63A, 599 {1950).
'~ C. T. Chase and R. T. Cox, Phys. Rev. 58, 246 (1940).
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Pro. 4. Ratio of the scattering from thin and thick gold foils.
The solid lines represent the values predicted by Moliere's small
and large angle approximations.

terms, represents the experimental results in this
angular range somewhat better.

The observed multiple scattering distributions of fast
electrons after passing through thin gold foils is in good
agreement with Moliere s theory within the experi-
mental accuracy of 2 to 3 percent. The widths are about
10 percent narrower than those given by the theories of
Williams or Goudsmit and Saunderson.
The widths of the multiple scattering distributions

for beryllium are slightly narrower than those given by
Moliere's theory. This result may be explained by the
fact that the screening used in the theory is different
than the effective screening in Be metal.
In the single scattering region, the departure from

single scattering toward smaller angles is more rapid
than that given by Moliere's approximate formula.
We are indebted to D. E. Riesen, who was in charge

of the betatron during these experiments, and to A. J.
Peterson, J. R. Leiss, and G. E. Mader for assistance
with the special equipment.

Phys. Rev. 84 (1951) 634

http://journals.aps.org/pr/abstract/10.1103/PhysRev.84.634
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Interactions of particles in matter depend on various properties of 
incident particles and medium 

Most relevant for tracking detectors: charged particles  
Main effects: excitation, ionization, radiation 
Heavy charged particles: average stopping power described by Bethe 
equation → design goal: MIP sensitivity 
Energy loss in thin layers: fluctuations around average stopping power  
→ Landau distribution (asymmetric, large tails) 
Multiple Coulomb scattering: directions of charged particles smeared

14

Summary of Part I
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Part II

Detection Principles:  
Solid State Detectors
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Band model: allowed energy levels 
form bands with characteristic band 
gap between valence band and 
conduction band 

Si/Ge crystal structure: diamond   
→ face-centered cubic (fcc) lattice 

Si/Ge: indirect semiconductors 
Maximum of valence band and 
minimum of conduction band for 
different wave vectors k 
Transitions would require three-
body process with phonons  
→ suppressed
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Band Structure of Si and Ge

after: Gross, Marx, Festkörperphysik, De Gruyter 2012
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10.1.2 Intrinsische Halbleiter

10.1.2.1 Bandstruktur und effektive Masse

Wir haben in Abschnitt 8.5.2 bereits die Grundzüge der Bandstruktur von Element-Halblei-
tern der IV.Hauptgruppe diskutiert. In diesen Elementen liegt eine ausgeprägte sp3-Hybridi-
sierung vor, was in einer für die Diamantstruktur charakteristischen tetragonalen Bindungs-
struktur resultiert. Die Bildung von sp3-Hybridorbitalen führt zur Ausbildung von zwei
energetisch getrennten sp3-Subbändern (vergleiche hierzuAbb. 8.18 inAbschnitt 8.4.1).Wie
Abb. 10.1 zeigt, ist das untere dieser Bändermit den vierValenzelektronen vollständig gefüllt,
das obere ist vollkommen leer. Die Fermi-Energie liegt bei T = 0 etwa in derMitte der Band-
lücke. Bei Germanium liegt die kleinste Lücke von Eg = 0.742 eV zwischen dem Γ-Punkt
(k = [000], Oberkante des Valenzbandes) und dem L-Punkt (k = a

√
3
[111], Unterkante des

Leitungsbandes) vor. Die direkte Bandlücke am Γ-Punkt ist mit Eg = 1.1 eV etwas größer.
Wir sprechen deshalb von einem indirekten Halbleiter. Die Situation ist ähnlich für Si, wo
die minimale Energielücke von Eg = 1.17 eV zwischen dem Γ-Punkt (k = [000], Oberkante
des Valenzbandes) und etwa dem 0.8-fachen des Abstandes zum X-Punkt (k0 = 0.82a[100],
Unterkante des Leitungsbandes) vorliegt.
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Abb. 10.1: Berechnete Bandstrukturen von Si und Ge (nach J. R. Chelikowski und M. L. Cohen, Phys.
Rev.B 14, 556 (1976)). Die vier Valenzbänder (unteres sp3-Subband) sind farbig hinterlegt. Rechts sind
die Flächen konstanter Energie in der Nähe desMinimums des Leitungsbandes und die Diamantstruk-
tur gezeigt. Beide Materialien haben Diamantstruktur mit einem kubisch flächenzentrierten Bravais-
Gitter, so dass die 1. Brillouin-Zone ein Rhombendodekaeder ist. Aus Gründen der Symmetrie treten
immer mehrere Bandminima in äquivalente Richtungen des k-Raums auf. Für Si sind dies die {001}-,
für Ge die {111}-Richtungen.
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Electrons excited to conduction band  
→ leave electron hole in valence band  
→ charge carriers: electrons and holes 

Charge carrier mobility: consider quasi-free 
electrons/holes 

Electric field E applied → acceleration of 
carriers and scattering off crystal defects, 
impurities, phonons → carriers drift with 
velocity v 
Electron and hole mobilities µ defined by 
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Charge Transport in Semiconductors

<latexit sha1_base64="VjvtDddEefppKaUilM6pKz57CjU="></latexit>

ve,h = µe,h E

Mobility

Page 1

© Bart Van Zeghbroeck 1998 Mobility versus doping density

Doping density N 1.00E+16 cm-3

Mobility fit parameters
holes electrons

mmin 44.9 68.5 cm2/Vs

mmax 470.5 1414 cm2/Vs

N0 ####### 9.20E+16 cm-3

a 0.719 0.711

Maximum doping density
1.00E+20 cm-3

Calculated values
electron mobility µn 1184 cm2/Vs

hole mobility µp 429 cm2/Vs
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B. van Zeghbroeck, Principles of Electronic Devices 

Mobility in Silicon

Typical values: |E| ≥ 106 V/m  
→ |v| ≈ 0.1 m/µs

http://ecee.colorado.edu/~bart/book/book/title.htm
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Properties of Semiconductors

⟨Z⟩ ρ  
(g cm–3) Eg (eV) Wi (eV) ε (ε0) µe  

(cm2 V–1 s–1)
µh  

(cm2 V–1 s–1)

Silicon 14 2.33 1.12 3.6 11.7 1350 450

Germanium 32 5.33 0.67 2.96 16 3900 1900

GaAs 31.5 5.32 1.43 4.2 12.8 8000 400

Diamond 6 3.52 5.5 13 5.7 1800 1200

H. Spieler, Semiconductor Detector Systems, Oxford UP 2005

at 300 K few eV to create 
electron/hole pair

electrons often more 
mobile than holes



Ulrich HusemannSilicon Detector Technologies

Advantages of semiconductor detectors: 
Small ionization energy Wi (e.g. 3.6 eV in silicon, compare 26 eV in argon)  
→ large signals even in thin layers (compare 100 e/ion pairs/cm in argon) 
Numerical example: most probable energy loss for a MIP in thin silicon layer 
(Bethe/Landau) 1.25 MeV cm2 g–1 = 290 eV µm–1  
→ rule of thumb: 80 e/h pairs per µm (→ 24,000 e/h pairs in 300 µm) 

Problem: thermal generation of charge carriers 
Compare with thermal charge carriers in 1 cm2 of 300 µm silicon layer at 
room temperature (ni = 1.45×1010 cm–3): 4.35×108 charge carriers 
Two ways out: operate detector at cryogenic temperatures  
(e.g. pure germanium) or make use of depletion zone in pn junctions  
(e.g. doped silicon)

19

Semiconductors as Particle Detectors
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Different electron and hole 
concentrations in p/n-doped region 
→ electron and hole diffusion  

Partial recombination of electrons in 
p-type and holes in n-type 
semiconductor → space charge, 
building up potential against diffusion  
(built-in voltage Vbi) 

Thermal equilibrium: depletion zone 
(also: space charge region) with only 
few free charge carriers
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14.2. Dotierte Halbleiter 493

Aus den Gleichungen (14.32, 33) folgt für die Fermi-
Energie

EF(T ) = 1
2

(ED + EL)+ 1
2

kBT · ln(nD/2n0) .

(14.34)

Für T = 0 liegt die Fermi-Energie genau in der
Mitte zwischen den Donatorniveaus ED und der Un-
terkante EL des Leitungsbandes. Mit zunehmender
Temperatur nimmt die Fermi-Energie bei schwacher
Donatorkonzentration (nD < 2n0(T )) ab.

Wird die Temperatur so hoch, dass Sättigung der
Ionisation der Donatoren eintritt, muss die Fermi-
Energie unter die Donatorenenergie sinken, damit fast
alle Donatoren ionisiert werden. Bei vollständiger Io-
nisierung (n+ ≈ nD) erhält man analog zu (14.34) die
Fermi-Energie

EF(T ) = EL − kBT · ln(n0/nD) .

Bei p-dotierten Halbleitern liegt die Fermigrenze bei
T = 0 genau in der Mitte zwischen Valenzband und
Akzeptorniveaus

EF(T = 0) = 1
2

(EV + EA) , (14.35)

während sie bei höheren Temperaturen ansteigt.

Bei n-dotierten Halbleitern sinkt die Fermi-
grenze EF mit steigender Temperatur T , bei
p-Halbleitern steigt sie.

14.2.5 Der p-n-Übergang

Bringt man einen n-dotierten und einen p-dotierten
Halbleiter in Kontakt miteinander (Abb. 14.16), so be-
steht in der Übergangszonen ein steiler Gradient der
Konzentrationen n von beweglichen Leitungselektro-
nen und p von beweglichen Löchern im Valenzband.
Diese Konzentrationsgradienten bewirken eine Dif-
fusion von Elektronen in den p-Teil, wo sie von
Akzeptoren eingefangen werden oder mit den Löchern
rekombinieren, bzw. von Löchern in den n-Teil, wo sie
mit den Elektronen rekombinieren. Dadurch entsteht
eine Verarmungszone an beweglichen Ladungsträ-
gern um die p-n-Grenzschicht sowie eine negative
Raumladungsdichte !−

el im p-Gebiet und eine entspre-
chende positive !+

el im n-Teil (Abb. 14.16b), die in der
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Abb. 14.16a–c. p-n-Übergang. (a) Bandschema bei miteinan-
der verbundenen p- und n-Halbleitern; (b) Dichteverlauf der
freien Elektronendichte ne(x) und der Löcherdichte np(x),
der Donatorendichte ND(x) und der Akzeptordichte NA(x);
(c) Raumladungsverlauf !el(x)

Übergangszone ein elektrisches Feld E und einen Po-
tentialgradienten E = − grad φ erzeugen gemäß der
Poisson-Gleichung (Bd. 2, Abschn. 1.3)

1
ε · ε0

!(x) = div E(x) = dE
dx

= − d2φ(x)

dx2
. (14.36)

Das elektrische Feld treibt die Ladungsträger wieder
zurück und bewirkt einen Feldstrom in entgegen-
gesetzter Richtung zum Diffusionsstrom. Stationäres
Gleichgewicht stellt sich ein, wenn die Summe aus
Diffusionsstrom und Feldstrom null wird.

Ec

Ev

holes  

p-region n-region

Na(p) acceptors  

Nd(n) donors  

EF

eVbi

https://commons.wikimedia.org/w/index.php?title=File:Pn-junction-equilibrium-graph.svg&oldid=137248141
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External bias voltage → departure from thermal equilibrium: 
Forward bias: positive potential in p-doped region → potential barrier reduced 
Reverse bias: positive potential in n-doped region → potential barrier 
increased, larger depletion zone 

Current flow through pn junction at 
voltage V: Shockley equation 
 

Width of depletion region grows with 
reverse bias: 
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Basic setup: semiconductor diode (here: p-in-n, 
but also: n-in-p, p-i-n) ≈ solid state ionization 
chamber 

Maximum detector sensitivity: depletion zone 
extends to entire bulk → depletion voltage Vdep 
(often “over-depleted” operation: |V| > |Vdep|) 

Small leakage current due to minority charge 
carriers randomly generated in bulk, depending 
on band gap → increased by orders of magnitude 
due to impurities, defects, surface effects
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Basic Semiconductor Detector

thin p+ doped layer (Na ≈ 1015 cm–3)

n doped sensitive volume (“bulk”) 
(Nd ≈ 1012 cm–3)

ohmic contact

bias voltage V

p-in-n Diode

signal

d = 300 µm

pn junction

thin n+ doped layer (Nd ≈ 1015 cm–3)
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Physics effect: moving charges  
→ electrostatic induction on electrodes  

Semiconductor detectors: 
Electric field: linear increase with position in 
depletion zone (~parallel plate capacitor with 
dielectric) 
Simplified example: point charge of 10000 e/h 
pairs in 300 µm of silicon with V = 150 V 
(overdepleted operation, Vdep = 100 V) 
Charge carriers accelerated towards 
detection electrodes → electric current 
All charge carriers collected: current stops
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Charge Collection 5.4 Signalentstehung in Detektoren mit Raumladung 157
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Abb. 5.11 Typischer Signalverlauf des Stromes iS(t) und der Ladung QS(t) für Elektronen
und Löcher an der negativen Elektrode eines Siliziumdetektors wie in Abb. 5.10. Die Parameter
des Detektors sind: U = 150V, Udep = 100V, d = 300 µm. (a), (b) Punktladung mit Start-
punkt x0 = 2

3d für N = 10 000 Elementarladungen; (c), (d) geladenes Teilchen mit N = 10 000
Elementarladungen, gleich verteilt entlang der Spur. Die endliche Ankunftszeit der Elektronen
wird durch 50% 'Überdepletion' erreicht.

entsprechenden Sammelzeiten. Die gesamten Ladungen lassen sich mit den Ausdrücken
für T± in (5.77) wie folgt schreiben:

Qtot−
S = −e

a − b x0
b d

(
1 − e−T−/τe

)
= −e

d − x0
d

, (5.86)

Qtot+
S = −e

a − b x0
b d

(
eT

+/τh − 1
)
= −e

x0
d

. (5.87)

Damit ergibt sich die gesamte von der Bewegung beider Ladungsträger durch Influenz
erzeugte Signalladung:

Qtot
S = Qtot−

S +Qtot+
S = −e . (5.88)

Mit der Detektorkapazität C lässt sich das Ladungssignal in ein Spannungssignal

uS(t) = QS(t)/C (5.89)

umrechnen, das nach einer Pulsformung dann zur weiteren elektronischen Verarbeitung
dient.

electrons

holes

electrons

holes

arrival 
electrons

arrival 
holes

Typical time scale for 
charge collection: 
<10 nanoseconds



Ulrich HusemannSilicon Detector Technologies

Problem: exact calculation of induced currents depends on full 
knowledge of electric field due to all charges at all times 

Approximation: Shockley-Ramo theorem  
(W. Shockley 1938, S. Ramo 1939) 

Induced current I on detection electrode for  
drift with velocity vD 
 

Ew: weighting field, only given by potential of  
electrode k, all other electrodes on ground potential
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Shockley-Ramo Theorem 
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I(t) = q Ew · vD(E(r, t))
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Semiconductors as particle detectors: 
Small ionization energy (≲5 eV), high charge carrier mobility 
Tracking detectors: doped semicondurctors → avoid thermal charge 
generation by employing space charge region in pn junction 

Optional (not discussed here): radiation damage in silicon detectors 
Surface: ionization effects 
Bulk: ionization reversible, but non-ionizing energy loss leads to defects in 
crystal lattice → new energy levels in band gap 

Charge collection by electrostatic induction: Shockley-Ramo theorem

25

Summary of Part II
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Part III

Applications of Silicon 
Detectors in Particle Physics



Applications: Overview

27

Silicon detector technology in particle 
physics: wide range of applications 

Charged particle tracking 

Fast timing 

Imaging calorimetry 

Not a comprehensive list, just my 
personal selection of a few 
examples of current trends

Ulrich HusemannSilicon Detector Technologies
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Key application of silicon detectors in 
HEP: tracking of charged particles 
and vertexing 

Several layers of 1D or 2D position-
sensitive detectors, often in 
magnetic field 

Solution for large-area (100s of m2) 
coverage: silicon microstrip 
detectors (1D measurement) 
Solution for high granularity: silicon 
pixel detectors (2D measurement)

28

Application I: Particle Tracking

Collision Position-sensitive
Detector

Particle
Trajectory

Hit

Vertex

⊗ Magnetic Field
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Tracking: Requirements
Goal Measures

High momentum resolution
Strong, homogeneous magnetic field 
Large detector volume 
High granularity (many readout channels)

Fast timing (sub-nanosecond) Fast and well defined detector signals + matching electronics

Low disturbance of particle trajectory 
(multiple scattering, radiation) Low material budget

Separation of individual particles High granularity

Vertex reconstruction First layer close to interaction point (IP)

dE/dx measurement Charge deposition measurement (in addition to position)

Radiation hardness Choice of material: radiation-hard silicon (diamond)
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Silicon Microstrip Detectors

F. Hartmann/T. Barvich

Realistic silicon microstrip detectors: typical structures 
Bias ring: distribution of bias voltage to all strips 
Biasing: polysilicon resistor  
(alternative: punch-through biasing) 
Guard ring(s): shaping of fields at  
sensor edges → homogeneous  
potential in full sensitive area 
n++-doped ring: protection against 
leakage current from crystal defects 
due to silicon cutting 
Pads for wire bonding and sensor 
probing with needles (“probe station”)



Probe Station & Clean Room
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F. Wittig
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HL-LHC (high-luminosity LHC): 
data-taking from 2029 

Motivation: keep trigger rates 
manageable without removing 
interesting physics (Higgs, …) 

Step 1: transverse momentum 
(pT) filtering on detector module 
level → pT modules 

Step 2: FPGA-based fast 
electronics to provide  
tracks for Level-1 trigger

32

CMS@HL-LHC: Track Triggering
Upper Sensor

Lower Sensor

2–4 mm
100 µm

Pass Fail

Outer 
Tracker

Level-1 
Trigger

Serenity Apollo
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Outer part of CMS Outer Tracker: 2S modules  
→ two silicon strip sensors

33

pT Modules

Updated from CERN-LHCC-2017-009

Upper Silic
on Strip

 Sensor

Lower Silic
on Strip

 SensorAl-CF Spacer

Frontend Hybrid
(CBC and CIC chips)

Service Hybrid
(power and data

transmission)

HV isolation (polyimide strip
s)

https://cds.cern.ch/record/2272264


2S Prototype Module on Carrier
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Semiconductor detectors with 2D segmentation: pixel detectors  
→ real 3D space points, no ambiguities 

Consequences of small pixel size 
High granularity: high resolution, but large number of readout channels 
(100s of millions → challenge for data volume, power consumption, cost) 
Small pixel volume: low leakage current 
Low capacitance: low noise, high signal-to-noise ratio 

Many pixel detector technologies, two main classes 
Hybrid pixel detectors: sensor and readout chip produced separately  
Monolithic pixel detectors: sensor and readout produced in same process

35

Silicon Pixel Detectors
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Separate optimization of sensor and 
readout chip, high production cost 

Bump-bonding: deposit solder bumps on 
sensor or chip → flip-chip assembly

36

T. Rohe
Sensor Concepts for Pixel Detectors in HEP

2Pixel 2002 Carmel, Sept. 9−12, 2002

Introduction

R&D of hybrid pixel 
detectors is usually 
concentrated on

readout chip
bump bonding

as the most crucial issues. 

Further

a typical readout chip contains ~ 500k transistors
a sensor "just" ~ 50k diodes 

PSI

Hybrid Pixel Detectors Review

10

values of more than 500 V at !uences around and beyond 1015 
neq cm−2. For the innermost layers close to the interaction 
point this corresponds to detector lifetimes of only a few years 
at current LHC luminosity.

The development of planar sensors for the LHC high 
luminosity upgrade has therefore concentrated on tailored 
designs guaranteeing high "elds and suf"ciently large deple-
tion depths after !uences of up to and above 1016 neq cm−2. 
This has been achieved using n+ pixel implants in p-substrate 
material and thin (100–150 µm) sensors operated at bias 

voltages of 500–700 V [52]. While providing smaller signals 
per MIP, the bene"ts of thin sensors are higher electric "elds 
as well as shorter and faster electron collection for a given 
bias voltage and hence better radiation tolerance. Thin 6′′ or 
even 8′′ sensor wafer production is enabled by techniques 
employing SOI or Si–Si handling wafers, or by thinning (e.g. 
by cavity etching) and forming a back side ohmic contact at 
low temperature after the front side processing is complete. 
Currently the limit in thickness is considered to be around  
50 µm [53].

Figure 8. Planar sensors: (a) LHC conventional n+ -in-n design requiring 2-sided wafer processing; (b) n+ -in-p design with single-sided 
processing (bump) bonded to a readout chip. Note the small distance between readout chip and guard ring implants; (c) n+ -in-p sensor hit 
ef"ciency as a function of bias voltage for different !uences and various thicknesses [52]. Reprinted from [52], Copyright (2016), with 
permission from Elsevier. (a) n+ in n design: 2-sided. (b) n+ in p design: 1-sided. (c) Hit ef"ciency.

Figure 7. Hybrid pixel detector: (a) Layout of an individual pixel cell having a sensor and an electronics cell in 1–1 correspondence; (b) a 
hybrid pixel matrix; sensor and electronics chip have pixels of the same size, bonded to each other by means of bump contacts. (a) Hybrid 
pixel. (b) Pixel matrix.

Rep. Prog. Phys. 81 (2018) 066101

 Garcia-Sciveres, Wermes, Rep. Prog. Phys. 81 (2018) 066101

https://iopscience.iop.org/article/10.1088/1361-6633/aab064


CMS Phase-1 Pixel Module
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Columnar electrode implants: 
Decoupling of particle trajectory 
and drift direction 
Shorter drift distance to 
electrodes (<50 µm) 
High drift fields with moderate 
bias voltage (10s of volts) 
More radiation hard (trapping 
reduced) 

Current HEP application: some 
modules of ATLAS pixel detector 
(in Insertable B-Layer, IBL)

38

3D Silicon Sensors

Review

12

ef!ciency losses. The DC devices are a bit less ef!cient due 
to the area taken by the punch-through dot for biasing of the 
pixel implants.

3.2. 3D-Si sensors

So-called 3D-silicon sensors have been developed since the 
late 1990s [51, 61] featuring columnar electrode implants 
driven into the Si substrate perpendicular to the sensor surface 
(!gure 11). The electrode distance is made smaller (50 µm) 
than the typical sensor thickness (200–250 µm), thus render-
ing a shorter average drift distance for particles impinging on 
the sensor face than in the case of planar sensors (compare 
!gure 7(a) to !gure 11(a)). In addition, high drift !elds are 
obtained with still moderate bias voltages. Both these facts 
result in an increased radiation tolerance due to a reduced 
trapping probability.

The 3D-Si technique has been developed over many years. 
The !rst structures were fabricated at Stanford (later also at 
Oslo) [62] using single sided processing with columns reach-
ing completely through the bulk (called ‘full-3D’ and shown 
in !gure 11(a)). Further development by CNM [63] and FBK 
[64] of sensors used in the ATLAS IBL detector, resulted 
in double-sided 3D designs with columns entering the bulk 
from both sides, either in full-3D or in partial-3D (shown in 
!gure 11(b)). The process fabricates about 10 µm diameter 
columns by etching, followed by a 1 µm polysilicon layer 
covering the inside of the etched holes, then passivated by 
a wet oxide [63]. In addition the sensor edges can be fabri-
cated with active edge implants thus rendering sensors with 

an unrivaled active area fraction [65]. More details on etching 
holes into silicon can be found in section 3.5.

Within the ATLAS IBL detector 3D-Si pixel sensors have 
been proven to operate well in a running experiment [5]. After 
two years of operation the performance of 3D-Si pixel mod-
ules in terms of operation characteristics (signal, noise, thresh-
old settings, in-time ef!ciency) are on par with planar pixel 
modules operated with signi!cantly higher voltages [68].

Current developments motivated by HL-LHC demands 
[63, 69–70] target the following goals to optimize radiation 
hardness, granularity, material budget, and processing costs 
[70]: (a) thin sensors (∼100 µm) on 6′′ wafers, (b) narrower 
electrodes (∼5 µm), (c) shorter electrode spacing (∼30 µm), 
and (d) very slim (∼50 µm) or active edges. Single sided 
processing is preferred providing cost bene!ts. An advanced 
design [70] is shown in !gure  11(c). A thin, highly resis-
tive (p-type) sensor wafer is supported by a low ohmic (p++ ) 
handle wafer that can be backside thinned after processing. 
While the p+ columns are deep etched through to the han-
dle wafer where they receive their electric potential, the n+ 
columns stop about 15 µm short from the handle wafer. In 
addition to cost and yield advantaged of single-sided pro-
cessing, studies have shown that the trade-off between signal 
ef!ciency and breakdown performance favors partial depth 
n-columns (not extending all the way through the thick-
ness) [71]. At the top surface isolation of the n-columns is 
achieved by a p-spray layer preventing the electron accu-
mulation layer underneath the oxide from creating shorts. 
Sensors are designed to meet the currently planned pixel 
area sizes of 50 × 50 µm2 or 25 × 100 µm2, as shown on 

Figure 11. 3D-Si sensors: (a) Design (single sided) with columns going completely through the sensor bulk [62]. Reprinted from [62], 
Copyright (2005), with permission from Elsevier; (b) double sided design with columns entering from both sides, but not reaching 
through (adapted from [66]). Reprinted from [66], Copyright (2008), with permission from Elsevier. (c) Thin design optimized for HL-
LHC (adapted from [67]) with two top view sketches for 50 × 50 µm2 and 25 × 100 µm2 pixel sizes, respectively. Reprinted from [67], 
Copyright (2016), with permission from Elsevier. (a) 3D-Si: penetrating columns. (b) Partial 3D-Si (double sided). (c) HL-LHC design.

Rep. Prog. Phys. 81 (2018) 066101

 Garcia-Sciveres, Wermes, Rep. Prog. Phys. 81 (2018) 066101

https://iopscience.iop.org/article/10.1088/1361-6633/aab064
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DEPFET (depleted p-channel field-
effect transistor; Kemmer, Lutz, 1985) 

Depleted bulk as sensitive volume, 
PMOS transistor for amplification 
Internal gate: local potential 
minimum below transistor channel 
Collected charge → increased 
transistor current (need circuitry 
to clear internal gate) 
First HEP application:  
pixel detector for Belle II 
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Active Pixel Sensors: DEPFET

NS61CH09-Hartmann ARI 17 September 2011 7:10
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Figure 10
Various monolithic pixel sensors. (a) Complementary metal-oxide semiconductor (CMOS) or monolithic active pixel sensors can be
very thin. The intrinsic shallow depletion zone serves as sensor volume in a standard CMOS process device. (b) An image sensor with in
situ storage would be fully tuned to the bunch-train structure of a future linear collider. Signals are stored within the cell via a charged-
coupled device and are read out later (38, 39). (c) A silicon-in-insulator sensor combines a fully depleted sensor (high signal ) with a
standard CMOS electronic chip via wafer bonding. Electronic channel connections to electrode implants are created via etching. The
concept is similar to that used in hybrid active pixel sensors but without the massive bump bonding. (d ) The DEPFET (depleted field
effect transistor) scheme illustrates the charge-collection location (potential valley or engineered internal gate) that modulates the
source-drain current. A contact, termed CLEAR, allows resetting of the collected charges (42). Abbreviations: EPI, epitaxial material;
FET, field effect transistor; NMOS, n-type metal-oxide semiconductor; PMOS, p-type metal-oxide semiconductor.
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Guiding idea: integrate particle detection and first amplification stage 
in single device → monolithic active pixel sensors (MAPS) 

Most commonly used: CMOS sensors 
(complementary metal-oxide-semiconductor) 

Microelectronics standard, widely 
available (digital cameras, …) 
No/small bias voltage: particle  
detection in epitaxial layer (20 µm)  
→ diffusion to shallow depletion zone 
Small signals but also small noise 
Example: ALPIDE  
(LHC Run-3 Pixel Detector for ALICE) 
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MAPS: Monolithic Active Pixel Sensors
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Figure 2.1: Schematic cross section of a MAPS pixel in the TowerJazz 0.18 µm imaging
CMOS with the deep p-well feature.

ALICE ITS Pixel Chip (Sec. 2.3) and briefly present the specifications of the STAR pixel
detector, which is the first large-scale application of CMOS sensors in a HEP experiment
(Sec. 2.4). It will be shown that the state-of-the-art MAPS do not fulfil the ALICE ITS
requirements, which motivates the development of new architectures (Sec. 2.5). Several
prototypes have been developed to optimise the di↵erent parts of the Pixel Chip. The
prototypes and their characterisation are presented in Sec. 2.6. All aspects related to the
radiation hardness of the technology and the specific circuits implemented in the ALICE
Pixel Chip are discussed in Sec. 2.7. The chapter concludes with a summary (Sec. 2.8),
giving the prospect for the development of the final chip.

2.1 Detector technology

The 0.18 µm CMOS technology by TowerJazz has been selected for the implementation of
the Pixel Chip for all layers of the new ITS. Figure 2.1 shows a schematic cross section
of a pixel in this technology. In the following section, we discuss the main features that
make this technology suitable, and in some respect unique, for the implementation of the
ITS Pixel Chip.

• Due to the transistor feature size of 0.18 µm and a gate oxide thickness below 4
nm, it is expected that the CMOS process is substantially more robust to the total
ionising dose than other technologies (such as 0.35 µm) employed up to now as the
baseline for the production of CMOS sensors in particle physics applications.

• The feature size and the number of metal layers available (up to six) are adequate
to implement high density and low power digital circuits. This is essential since a
large part of the digital circuitry (e.g. memories) will be located at the periphery of
the pixel matrix and its area must be minimised to reduce the insensitive area as
much as possible.

• It is possible to produce the chips on wafers with an epitaxial layer of up to 40 µm
thickness and with a resistivity between 1 k⌦ cm and 6 k⌦ cm. With such a resistivity,
a sizeable part of the epitaxial layer can be depleted. This increases the signal-to-
noise ratio and may improve the resistance to non-ionising irradiation e↵ects.

• The access to a stitching technology allows the production of sensors with dimensions
exceeding those of a reticle and enables the manufacturing of die sizes up to a single
die per 200mm diameter wafer. As a result, insensitive gaps between neighbouring
chips disappear and the alignment of sensors on a Stave is facilitated. This option

J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002 The ALICE Collaboration

12

Example: TowerJazz 180-nm process, from J. Phys. G41 (2014) 087002 

https://iopscience.iop.org/article/10.1088/0954-3899/41/8/087002
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MAPS Example: ALPIDE
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Figure 1.1: Layout of the new ITS detector.
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Figure 1.2: Schematic view of the cross section of the Inner Barrel (left) and Outer Barrel
(right).

1.3.3 Experimental conditions

The experimental conditions in terms of interaction rates and particle multiplicity, which
have been used as basis for the definition of the detector specifications and simulation of
its performance, are presented below.

Table 1.2 summarises the expected maximum hit densities for primary and secondary
charged particles. An additional contribution to the overall particle load comes from e+e�

pairs generated in the electromagnetic interaction of the crossing ion bunches. These
will be referred to as QED electrons. The latter contribution depends on the detector
integration time.

J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002 The ALICE Collaboration

8

 LHC Run-3 Pixel Detector for ALICE

J. Phys. G41 (2014) 087002 Image credit: ALICE collaboration

Future: Curved Ultrathin Sensors 
(20–40 µm)

https://iopscience.iop.org/article/10.1088/0954-3899/41/8/087002
https://ep-news.web.cern.ch/content/alice-its-upgrade-pixels-quarks
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Key idea: decouple CMOS structures for digital logic from depleted 
sensor substrate (protected by deep n-well) 

Charged particles or photons absorbed in depleted region  
→ drift in electric field (faster than diffusion) 

Advantages: “cheap”, 
low material budget 
(down to 50 µm) 

Applications: Mu3e 
(MuPix), baseline for 
LHCb pixel detector 
upgrade (MightyPix),
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Depleted MAPS: HV-CMOS

22 Characterization of Monolithic HV-CMOS Sensors for Particle Physics Experiments

Figure 2.16: If a photon is absorbed by the sensing material of a pixel, its entire energy
is available for electron-hole generation. This very localized process provides a well known
signal in a single pixel.

Appendix B.2). The incoming X-rays excite the atoms of the target, which in turn emit
the characteristic X-rays when returning to ground state.

2.3.2 Charged particle interaction with silicon

Semiconductor sensors can be used in particle physics, to track unknown charged particles
on their trajectory through a magnetic field, to identify them. The energy of these particles
is determined in calorimeters, outside the tracker.

Figure 2.17: A charged particle moving through a silicon detector leaves a trace of
electron-hole pairs. If generated in the space charge region, they are separated by the
electrical field and electrons are collected by drift in the pixel electrode and contribute to
its signal. The holes are collected by the substrate contact. Electron-hole pairs generated
outside the space charge region are likely to recombine or di�use and get trapped.

Particles of interest have enough energy to cross many sensor layers without being too
much a�ected. However, charged particles interact with the electron hulls of the atoms in
the sensor material by the long range Coulomb force along their trajectory. Figure 2.17
shows electron-hole production along a charged particle’s path through the silicon sensor.
Especially inclined trajectories leave the charge often in more than one pixel. This is called
charge sharing, and can also happen for particles traveling perpendicular to the sensor.

The amount of energy transferred per traveled length depends on the particle’s energy

deep n-well 

p-substrate

p-well

NMOSPMOS

signal

A
fter F. E

hrler, D
issertation, K

IT 2021 

https://publikationen.bibliothek.kit.edu/1000133748
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Vision: add timing information as  
Fourth dimension in particle 
tracking (“4D tracking”) 
Fifth dimension in imaging 
calorimetry (“5D calorimetry”) 

Additional time information helps 
with many aspects of tracking 
and calorimetry, e.g. time-of-
flight discrimination in multiple 
pp collisions at the LHC (“pileup”)

43

Application II: Fast Timing
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Position – time of each vertex 
Longitudinal resolution ~ 300 micron 

At pileup levels of 140–200, a fraction as high as 15-20% of 
independent vertices merges, in the absence of time information. 

N. Cartiglia
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Important for timing applications: well defined starting time of signal 
Determination of starting time: signal exceeding comparator threshold  
(e.g. constant fraction discriminator) 
High precision requires very reproducible signal transit times (low “jitter”)  
Helpful for low jitter: large signals, large signal slope dV/dt (“slew rate”),  
low signal fluctuations (noise) → interplay of sensor and electronics
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Fast Timing: Basic Requirements
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Very thin sensors (50 µm): large slew rate and low fluctuations in 
deposited charge (“Landau noise”) 

High resistivity silicon and careful cell design: uniform electric 
(weighting) fields → smaller fluctuations 

Small structure size (pixels): small capacitance and leakage current  
→ small noise 

In-silicon amplification:  
Local high electric field → charge multiplication through impact ionization 
However: high gain eventually amplifies noise more than signal 
Sweet spot: gain factor of 10–20 (“low gain”)
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Fast Timing: Solutions
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New type of silicon detector: LGAD (Cartiglia, Sadrozinski, Seiden) 
Fully depleted p-doped bulk, p+ stops to isolate cells 
Amplification layer between deep p+ implant and n++ electrode
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LGAD: Low-Gain Avalanche Diode

124 F. Hartmann

therefore critical to reach a high enough field of 30V/µm, a concentration of
at least 5 · 1015 cm�3 is necessary. A small increase in doping concentration
translate to substantially higher gain – or an early breakdown, the doping
concentrations must be precise. In addition, the electric field across the bulk
forces the electron drift to the amplification stage.
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Fig. 1.81 A schematic of a segmented Low Gain Avalanche Detector LGAD is shown
emphasising several di↵erent features – electric field, amplification, cell isolation, cell va-
rieties. Cells can be strip, pads or pixels – mostly millimetre sized pads these days. The
bulk is fully depleted. The amplification stage is localised between the deep p

+ implant
and the n

++-electrode, see field configuration on the right. As for an n
++-in-p sensor the

cells need to be isolated, here by p
+ stops. On the right another variant with a Junction

Termination & Guard Ring is shown – Junction Termination Extension JTE. The JTE
controls the electric field at the border region. A significant high bias voltage is applied
between n

++ cells (pixels or pads) and p
++-backplane

Active thicknesses of LGADs between 50 and 300 µm have been realised,
although thin sensors are clearly preferred for fast timing due to the in-
creased bulk field strength (easier to over-deplete) and highly reduced drift
length/time and thus reduced trapping e↵ect – with the high field the drift
velocity is also saturated. The thinner the sensor, the faster is the signal,
the faster the rise time, the faster the slew rate dV/dt! Slew rate is about
proportional to the ratio between Gain and thickness G/d. Leakage current
and noise are correlated with gain. Gain has to be optimized since noise rises
faster than signal at higher gains.

Individual cells are mostly kept small to have a low current and capaci-
tance (mind, with a thin detector cell, capacitances are on the high side). High
currents could also evoke cell breakdown due to the internal gain. Junction
Cells with Termination Extension JTE, distributing the high field more ho-
mogeneously, as shown in the right part of Fig. 1.81 are more reliable [101].

The JTE serves another purpose, namely making sure the charges gen-
erated “in-between” cells (inter-strip or inter-pad region) are not amplified.
An amplification of particle hitting the inter-strip section would generate a
“late” signal with respect to the initial drift thereby diluting the timing infor-
mation. This has an unsatisfactory implication on the sensor fill factor since
the inter-strip part is then insensitive. Fill factors up to 95% haven been

F. Hartmann
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Ongoing R&D effort: 
several LGAD 
variants being 
conceived 

HEP applications: 
fast timing layers 
in ATLAS (HGTD) 
and CMS (MTD) for 
high-luminosity LHC
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LGADs Today
1 Basic Principles of a Silicon Detector 131

inverse LGAD   (p-in-p)

DJ-LGAD

inverse LGAD   (n-in-n)

LGAD

tr
e

n
ch

AMP

AMP

Monolith
AMP

AMP

RSD

AMP

AMP

3 μm
n-type

collect holes

hole (then electron) avalanche

AC coupling

a)

f)e)

d)c)

b)

1 μm

5 μm
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Fig. 1.86 Comparison of UFSD types:
The diverse UFSD sensors basic schematics are drawn. All but the first, standard LGAD
locate (see small AMP sign) a common homogeneous amplification layer apart from the
cells. All but the n-in-n-iLGAD use a p-bulk and all but thep-in-p-iLGAD ’collect’ electrons
with either p-stop or trench cell isolation. All but p-iLGAD feature p-amplification, ie
electron avalanche. All sensors have the usual ohmic backside contact (p++ or n

++) and
metallization. The usual thickness is between 35 and 50 µm, while the n-iLGAD (before
establishing the active edge and thus single sided process) stays at 300 µm, the thinnest
will be MONOLITH with a thickness of ⇠5 µm.

n pillars allows for a low depletion voltage86 even after irradiation. Lower
depletion voltage also corresponds to lower power consumption. The tech-
nological challenges are the deeply etched pillars. Today Deep Reactive Ion
Etching DRIE (Bosch or cryogenic) is an industry standard procedure, but
unfortunately it is much more expensive than the planar processing tech-
niques. The 3D technology is becoming HEP standard. The capacity for a
couple of square meter is available although the technology is not available
among the big mass production sensor FABs of HEP. Figure 1.88 shows a
pillar produced with the Bosch DRIE process. The wave-like walls clearly
shows the alternating of etching deep down and depositing screeners (here
polysilicon) to avoid a broad horizontal etch.

Di↵usion processes finally implant the walls with p- or n-type dopants.
This is also a two-step di↵usion process, because alternating p- and n-type
pillars are needed where one type of pillar is always masked, when the others
are implanted. To operate the sensor, both bias voltage potentials need to
be routed to the di↵erent pillars. Figure 1.89 shows a cut through a pillar
with a zoom to the bottom part. The profile of polysilicon deposition and
implantation is nicely visible.

86 Reminder: VFD / distance
2.

F. Hartmann
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Imaging calorimeters:  
Particle flow paradigm: most precise 
measurement of each particle in a jet 
→ rely on calorimetry only for neutral hadrons  
Problem: wrong assignment of energy deposits to 
particles → reduced resolution due to confusion 
Keep confusion small: very high (longitudinal and 
lateral) granularity (at least) as important as high 
energy resolution 

Calorimetry at the HL-LHC:  
Physics with forward jets still interesting, e.g. vector-boson fusion 
Too high radiation levels for scintillator-based sampling calorimeters in forward 
(endcap) detector regions → active layers made from silicon
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Application III: Calorimetry

M. Thomson

ILC Detector Simulation
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CMS approach: high-granularity calorimeter (HGCAL) for endcaps
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CMS HGCAL

R. Rusack CERN-LHCC-2017-023 
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Figure 1.6: Longitudinal cross section of the upper half of one endcap calorimeter. It consists of an electromagnetic compartment (CE-E)
followed by a hadronic compartment (CE-H). The green region to the lower left is instrumented with silicon detectors and the blue region
to the upper right with scintillator tiles.

https://agenda.linearcollider.org/event/6341/session/6/contribution/49/material/slides/1.pdf
https://cds.cern.ch/record/2293646
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Active medium in inner parts:  
Cu/W + silicon pad modules 

5.8M readout channels, 600 m2 
Ultra-fast timing (<100 ps)

50

CMS HGCAL: Silicon Modules

28 Chapter 2. Active elements

Tracker and HGCAL types. So far these have been based on a silicon-on-silicon process with
Si-to-Si wafer bonding. As compared to the standard process for the sensor production this has
the advantage of enabling sensor production of varying active thickness in a transparent way.
As part of their ongoing process optimization, Novati is also working towards mitigating any
possible cost implications related to the additional steps required by this technique, in order to
ensure a cost-effective solution.

2.2 Silicon modules
The HGCAL requires approximately 27 000 silicon detector modules to be assembled and in-
stalled in its electromagnetic (CE-E) section and part of the hadron (CE-H) section. A CE-E
module is a stack of components, as shown in Fig. 2.6: (i) baseplate, (ii) Kapton-gold sheet, (iii)
silicon sensor, and (iv) the printed circuit board (PCB), labeled the hexaboard, with front-end
electronics. All of these components have roughly the same area as the sensor.

Figure 2.6: CE-E silicon module, showing stacked layers.

A study of mechanical mockups of 8” modules demonstrates that the module is pressed onto
the cooling surface by the differential cooling of the differing material layers, improving ther-
mal contact. Calculated stresses on the module were found to be three orders of magnitude
below the point at which breakage would occur.

We have been using 6” modules (i.e. modules produced using sensors manufactured on 6”
wafers) for prototyping and for measurements in test beams. Figure 2.7 shows a completed 6”
module.

The baseplate has precise reference holes for precision assembly and placement onto the cas-
settes. For the CE-E the baseplate material is a sintered WCu metal matrix composite. The
copper provides excellent thermal conductivity (TC), the tungsten reduces the coefficient of
thermal expansion (CTE) to align it more closely with that of the silicon, and together they
form a short radiation-length material that is a significant component of the CE-E absorber. For
the CE-H modules, the baseplate material is high-TC carbon fibre. It serves similar purposes
except that it does not contribute significantly to the CE-H absorber material.

The WCu baseplates are specified to have uniform thickness of 1.40±0.03 mm, with faces that
are flat to within ±50 µm.

CERN-LHCC-2017-023 

26 Chapter 2. Active elements

Figure 2.5: Layout of a layer where only silicon sensors are present, the 9th layer of CE-E. The
division into six 60 � cassettes is shown by the alternating colours. The two radial changes
in darkness of colour indicate the changes in silicon thickness. The inner and outer radii are
32.8 cm and 160 cm, respectively.

160 cm

32.8 cm

https://cds.cern.ch/record/2293646
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Summary & Conclusions
Silicon: key technology in particle physics 

Applications: tracking, timing, calorimeter 

This lecture: few selected examples  
(but there’s so much more…)

Ulrich HusemannSilicon Detector Technologies

F. W
ittig
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Optional Topics
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PIN diode: positive–intrinsic–negative 
Forward bias: RF switch, rectifier 
Reverse bias: photodiode → wide depletion zone 
 
 

Avalanche photodiode (APD): 
Photon absorption in intrinsic layer  
→ electron drift into multiplication zone 
Amplification by impact ionization,  
typical gains: 100–1000 
Example: photon detection in CMS ECAL
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Semiconductor Photon Detectors
thin p+ doped layer (Na ≈ 1018 cm–3)
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Nd ≈ 1010-1012 cm–3)
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Silicon photomultiplier (SiPM, also: multi-pixel photon counter, MPPC): 
2D array of APDs operated in Geiger mode (voltage above breakdown 
voltage → discharge independent of light input) with quenching resistor 
Single pixel: binary device, energy = sum of photons detected in all pixels 
In many fields: modern replacement for traditional photomultiplier tubes
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Semiconductor Photon Detectors

www.hamamatsu.com 

https://www.hamamatsu.com/eu/en/product/optical-sensors/mppc/what_is_mppc.html
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Effects of radiation on semiconductor detectors  
(relevant e.g. for LHC experiments): 

Ionization: fully reversible in detector bulk, but 
surface damage 
Non-ionizing energy loss (NIEL): crystal lattice 
damage in detector bulk → point defects and 
clusters 

Fluence = integrated flux of particles 

NIEL hypothesis: all damage scales with NIEL 
fluence (independent of particle type and energy)  
→ normalize to fluence of 1-MeV neutrons Φeq
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Radiation Damage 24 Chapter 3. Vertex Detectors
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Figure 3.6: Illustration of possible lattice damage caused by radiation [23]; top half:
primary defects, bottom half: stable defects formed from primary defects.
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Microscopic effects and macroscopic consequences: 
Defects can be stable or mobile depending on temperature 
→ beneficial or reverse annealing of defects by recombination 
Band model: additional energy levels in band gap 
Change of effective doping concentration from  
n to p (“type inversion”) → increased depletion voltage 
(technical limitation: discharges) 
Deep defects (center of band gap): drastic increase of 
leakage current by charge generation and recombination  
→ increased noise and heat 
Shallow defects (close to valence or conduction band): 
reduced charge collection by temporary trapping of charges 
→ smaller signals
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Alternative to traditional p-in-n detectors: n-in-p detectors with p-doped 
bulk, n+-doped implants (“p bulk”) 

Electron collection (p-in-n: holes) → faster, but larger Lorentz angle 
Electron accumulation: isolate n+ implants by p-stop or p spray 
More radiation-hard (e.g. no type inversion) → pn junction always on 
readout side 
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p-in-n vs. n-in-p Sensors

M
. K

ram
m

er

Al

Al
V < 0 (bias voltage)

p+-Si
p-Si

n+-Sip-stop

SiO2

 n-in-p sensors: baseline for 
HL-LHC upgrades of 

ATLAS and CMS



Ulrich HusemannSilicon Detector Technologies

Parametrization of momentum resolution for tracking detectors: 
 
 

pT-dependent term: a proportional to single-hit resolution σx 

Contributions to σx: intrinsic resolution of position-sensitive detector and detector 
alignment (precise knowledge of detector positions, not shown) 
 

Intrinsic resolution of position-sensitive detectors → pitch p 
Binary readout: resolution given by standard deviation of uniform distribution 
Improving resolution, e.g. via charge sharing among detector channels 
Typical values: <10 µm (silicon pixel detectors) to 10 mm (resistive plate chambers)
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Momentum Resolution

�x =
pp
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LX0 B

B:  magnetic flux density 
L:  track length 
X0: radiation length of material


