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Ps.: this is EDIT
thus, we will dive deeper J



We are all using Silicon in various configurations
Some of us are also using Germanium or Diamond

MAPS/CMOS ςNP, HEP, AP
LHC, STAR, satellite, CBM, medical ςposition, imaging

DiamondsςNP; HEP
LHC, GSI, KEK ςBCM, Lumi, Spectroscopy, timing (ToF)

GermaniumςNP, AP
gTracking
0n2bdecay

Si-Hybrid Pixel ςNP, HEP, AP
LHC, GSI, ISS, Satellite ςposition 

3D silicon ςHEP
Innermost layers - Radiation hard ςposition

Si-StripsςNP, HEP, AP
LHC, KEK, GSI, ISS, Satellite ςposition

LGADsςHEP
ATLAS & CMS ςtiming, position

+synchrotron photon counting (HCPDs) 

ALPIDE - proton radiography of a pen

SiPMςNP, HEP, AP
LHC, GSI, ISS, Satellite, medical (PET, X-ray) ςphotons, energy, timing

NP Nuclear Physics, HEP High Energy Physics, AP Astro Particle Physics



ÅSince 50ieslarge crystals for energy measurements  

ÅNeed for fast and precise position measurements 

Å80iescharm quark tagging

ÅLate 80ies LEP experiments, vertex tracker

Å90iesin hadronmachines FERMILAB 

ÅTodayin all LHC and HL-LHC experiments 
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Historical aspects ςWhyusesilicon?

Where are silicon sensors better suited than gas detectors?

Fast~O(10ns); PreciseO(5µm); very good energy resolution ~O(eV)

Silicon detectors gives 
momentum & vertexing, 
which gives 
Åb tagging 
Ålifetimes 
Åmixing background suppression
ΧΧ and a lot of great physics!

²Ƙȅ ǿŀǎƴΩǘ ǎƛƭƛŎƻƴ ǳǎŜŘ ŜŀǊƭƛŜǊΚ
ÅNeeded micro-lithography technology Ý cost
ÅSmall signal size (need low noise amplifiers)
ÅNeeded read-out electronics miniaturization 

Å(transistors, ICs)

Take home

t-quark



Content

1. Material Properties ïóget the numbersô

ï How does the signal form?

2. Detector Structures and performanceïstrips, pixels, pads 
- workhorses

3. Radiation

ï Plus some measurement methods, as these deepen the understanding

4. More Sensor Concepts

ï LGADs et al., 3D, MAPS/CMOS

5. Detector systems (will be rushed)

ï just to give some impressions why we are doing what we are doing)
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Material Properties
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n-Doping - donor
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T = 0 K

Conduction electron

Valence electron

T > 0 K

p-Doping - acceptor

Intrinsic

Extrinisic = doped

Typical doping concentrations for Si detectors are å1012 atoms/cm3 

(1014 and 1018 atoms/cm3 for CMOS elements)

@ RT Approximately 1.45·1010 cm-3  intrinsic carieres with 

1022 Atoms/cm3 about 1 in 1012 silicon atoms is ionised

Element IV

Element III

Element V



Material Properties
Drift velocity and mobility

Drift velocity v

For electrons: and for holes:

Mobility m

For electrons: and for holes:

e éelectron charge

e é  external electric field

mn , mp éeffective mass of e
- and holes

tn , tp émean free time between collisions

for e- and holes

Source: S.M. Sze, Semiconductor Devices , J. Wiley & Sons, 1985

µn(Si, 300 K) å 1450 cm
2/Vs µp(Si, 300 K) å 450 cm

2/Vs

CMSDelphi
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Take Home

Electrons are 3 times faster then holes

- There is a saturation velocity 1E7 cm/s



Constructing a Detector
Estimate Signal to Noise Ratio SNR in an intrinsic silicon detector

Let s make a simple calculation for silicon:

Mean ionization energy I0 = 3.62 eV, mean energy loss per flight path 

of a mip (minimum ionizing particle) dE/dx = 3.87 MeV/cm  (rf. Bethe)

Assuming a detector with a thickness of d = 300 µm and an area of A = 1 cm2.

Č Signal of a mip in such a detector:

Charge carrier have to be removed! 

Č Depletion zone in reverse biased pn junction

   

dE dx×d

I0

=
3.87×106 eV cm×0.03cm

3.62eV
» 3.2×104 e- h+- pairs

Č Intrinsic charge carrier in the same volume (T = 300 K):

   

ni dA=1.45×1010cm-3 ×0.03cm×1cm2 » 4.35×108 e- h+- pairs

Č Number of thermal created eïh+-pairs is four orders of magnitude 

larger than signal!!!
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The p-n Junction
Creating a p-n junction

At the interface of an n-type and p-type semiconductor the difference in the 

fermi levels cause diffusion of surplus carries to the other material until thermal 

equilibrium is reached. At this point the fermi level is equal. The remaining ions 

create a space charge and an electric field stopping further diffusion.

The space charge region is free of charge carriers - the depletion zone .
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Voltage

Take home: (acceptor zone) has negative space charge thus attracts holes



The p-n Junction
Electrical characteristics

ὠ ɮ ὼ ɮ ὼ ύͯ

Poisson Equation: ”ὼ

r(charge density) is constant in (+/-) depletion zones

Ὁὼ ὼͯ

ɮὼ ὼͯ

w=width of depletion zone
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Take home:

Fields defined by doping concentration Neff (& voltage)

Take home 2:

Electrical fields 

linear



The p-n Junction
Operation with reverse bias

p-n junction with reverse bias

Applying an external voltage V with the 

cathode to p and the anode to n e- and 

holes are pulled out of the depletion zone. 

The depletion zone becomes larger .

Č That s the way we operate our semiconductor detector!
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Take home:

Fields and potentials completely defined by 

doping concentration & voltage

Reminder, depleted n has positive space charge, depleted p has negative space charge ïTAKE HOME

i.e. electron move towards p-type



réspecific resistivity of the bulk

mémobility of majority charge carrier

V ébias voltage

A édetector surface

D é detector thickness

Detector Characteristics
Capacitance  and Depletion Voltage of a detector

For a typical Si p-n junction (Na >> Nd >> ni) 

the detector capacitance is given as:

   

C =
e0er

2mr V
×A

Measured detector capacitance as a function of 

the bias voltage, CMS strip detector:

   

VFD =
D2

2emr

Depletion voltage VFD is the minimum voltage at which the bulk of the sensor is fully depleted . 

The operating voltage is usually chosen to be higher (over-depletion).

- High resistivity material (i.e. low doping) requires low depletion voltage.
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Example of a typical p+-n junction in a silicon detector:

Effective doping concentration 

Na = 1015 cmï3 in p+ region and Nd = 1012 cmï3 in n bulk.

The p-n Junction
Width of the depletion zone

p+n junction

Without external voltage:

Wp = 0.02 µm

Wn = 23 µm

Applying a reverse bias voltage of 100 V:

Wp = 0.4 µm

Wn = 363 µm

with

V éExternal voltage

r éspecific resistivity

mémobility of majority charge carriers

Neff éeffective doping concentration

Width of depletion zone in n bulk:
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3
0

0
µ

m

1 µm

Take home:

Depletion voltage ~ thickness
2



The p-n Junction
Current-voltage characteristics

Typical current-voltage of a p-n junction (diode): exponential current 

increase in forward bias, small saturation in reverse bias.

S.M. Sze, Semiconductor Devices , J. Wiley & Sons, 1985

Operation mode
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Take home:

Current ~ exp(-T)

Can we use that?



Detector Structures
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Pad Detector

The most simple detector is a large 

surface diode with guard ring(s).
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Microstrip Detector
DC coupled strip detector

o p+n junction: 

Naå1015 cm-3, Ndå1 - 5·1012 cm-3

o n-type bulk: r> 2 kWcm

Č thickness 300 µm 

o Operating voltage < 100 - 600 V (900V).

o n+ layer on backplane - ohmic contact

o Aluminum metallization 

Traversing charged particles create e-h+ pairs in the depletion zone 

(about 30.000 pairs in 300mm thickness). These charges drift to the electrodes. 

The drift (current) creates the signal which is amplified by an amplifier 

connected to each strip. 

A typical n-type Si strip detector:
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Microstrip Detector
AC coupled strip detector

o Integration of coupling capacitances 

in standard planar process.

o Deposition of SiO2 with a thickness of 100 - 200 nm

between p+ and aluminum strip

o Depending on oxide thickness and strip width the 

capacitances are in the range of 8ï32 pF/cm.

o Problems are shorts through the dielectric (pinholes). 

Usually avoided by a second layer of Si3N4.

AC coupled strip detector:

AC coupling blocks leakage current towards the amplifier.

However, the dielectric cuts the bias connection to the strips!

Several methods to connect the bias voltage: 

polysilicon resistor, punch through bias, FOXFET bias.
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Microstrip Detector
a real-life case  - p-in-n
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n-in-p sensor  (for Phase 2 aka HL-LHC)
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Invert everything

... and add channel isolation (here p-stops)

This lecture does not address channel isolation techniques



Electrical Field Configuration of a 

Strip Sensor p-in-n
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Do you understand 

the electrical fields?



Electrical Field across a Strip
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Remember: 

Linear electric field in bulk

Zero?

p-in-n



Simulated Current Density

Ionizing particle with 45o angle t=0 s
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p-in-n



2.2. Simulated Current Density
Ionizing particle with 45 o angle t=1 ns 1ns
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1.1ns
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1.2ns
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1.3ns
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1.4ns
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1.5ns

29



1.6ns

30



1.7ns
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1.8ns
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1.9ns
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2 ns
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3 ns
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4 ns
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5 ns
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6 ns
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Mind:

all electrons 

collected

7 ns

39



Do you know how the signal 

formation works?
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Å Poisson Equation: 

ɝ• ȠὉ ​ʒ

Å Gauss: 

ḂὉὨᴆὃ Ḃ”Ὠὠ

Graphics from Werner



Induced currentïShockley-Ramo

Si Signals are fast T<10ns. 

In case the amplifier peaking time is 

>20-30ns, the induced current signal 

shape doesnôt matter. 

The entire signal is integrated.

EW is called weighting field ïgeometry

(distance, capacitance, shape)
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From G. Lutz

p-in-n

20% over-depletion

µn(Si, 300 K) å 1450 cm
2/Vs

µp(Si, 300 K) å 450 cm
2/Vs

Gas detector work the same, though the electric field in gas is constant and in Silicon it is linear 

Take home: All signals in particle detectors are due to induction by moving charges.         

Once the charges have arrived at the electrodes the signals are óoverô.

The drift is recorded - the height of the signal is linear proportional to the velocity of the charge

Ὥ ὸ ή
ρ

ὠ
╔╦ẗ○●◄ȟ◐◄ȟ◑◄ ή

ρ

ὠ
╔╦ẗⱧẗ╔

Start: mid-sensor

Take home:

What is this EW and can we use it?

Take home2: I ~ v ~ E



EW Weighting field (geometry) in effect 
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ïsimilar picture for pixels

Meaning: 
ÅThe smaller the electrode the more the movement near the electrode counts (weighting)

ÅWith small cells only movement in the near electrode counts

i.e. only the charges moving towards the electrode counts, i.e. 80 to 99%

i.e. for a = 0.01, movement only counts in the very close vicinity (some µm)

a = strip widths / sensor depth 



EW weighting field ~ geometry

Å An interesting fact is that for diodes (or large pad detector) with an entirely linear EW field

Å electrons and holes contribute the same to the electrode (pad)

Å For fine segmented sensors pixel and strip one charge type contributes much more; 

because the electrical and weighting fields concentrate at the electrodes; 

ÅWe therefore often say ówe collectôholes, or we collect electrons J

Å The future CMS High Granularity Calorimeter will register both electrons and holes

Å Basically, a pad detector (with many pads)

Å The future HL-LHC tracker will register electrons (mainly)

Å The current strips registers holes (the pixels electrons)
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Strip Sensor to Module

44



Hybrid Pixel Detectors 
Principle

Detail of bump bond connection. 

Bottom is the detector, on top the 

readout chip:

¬Flip-Chipºpixel detector:

On top the Si detector, below the readout chip, bump 

bonds make the electrical connection for each pixel. 

L. Rossi, Pixel Detectors Hybridisation, 

Nucl. Instr. Meth. A 501, 239 (2003)

Drawback of hybrid pixel detectors: Large number of readout channels

Large number of electrical connections and large power consumption.
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Å Hexagonal sensors to maximize use of wafer area

Å 120, 200, 300 mm thick n-in-p pad sensors

Å Cell size ~0.5 or ~1 cm2

ÅSmaller cell size in central region

Å High occupancy and noise reduction (capacity)

Å Cells are wire-bonded to a PCB on top with holes

120mm thick with 0.5cm2 cells

200mm thick

300mm thick

8ò prototype

8ò ïa first in HEP High Energy Physics
thinner = more radiation tolerant 

-- higher radiation at lower radius

Silicon Pad detectors ïhere, for calorimeter
CALICE & CMS High Granularity CALorimeter

Aha? Hm?



Performance
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Signal to Noise Ratio 

o The signal generated in a silicon detector depends essentially only

on the thickness of the depletion zone and on the dE/dx of the particle (see Bethe).

o The noise in a silicon detector system depends on various parameters: 

geometry of the detector, the biasing scheme, the readout electronics, etc. 
o Noise is typically given as ¬equivalent noise chargeºENC. 

This is the noise at the input of the amplifier in elementary charges. 

Landau distribution

with noise

noise distribution

Take home:  No charge amplification as in gas detectors
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Signal to Noise Ratio ïsee tp dependency 
Noise contributions

1.Leakage current (ENC I)

2.Detector capacity (ENC C)

3.Det. parallel resistor (ENCRp)

4.Det. series resistor (ENCRs)

The overall noise is the quadratic sum:

Alternate circuit diagram of a 

silicon detector. 

e  . é Euler number (2.718...)   tp

éIntegration time in Õs

e éElectron charge               RRséSeries resistor in W 
C  . éDetector capacity in pFRRpéParallel resistor in W 

p

s

t

kTR
C395.0ENCRsº Typical values for SNR are 15 to 40.

pt
b

1
=

50 Take Home: Watch out for capacitance and current ïthey are bad



Position Resolution
Threshold (binary) readout versus analogue readout

o Analogue readout with interpolation (signal on two strips):

ČPosition (charge center of gravity): 

Čresolution: 

   

s x »
p

SNR

p édistance between strips 

(readout pitch)

x éposition of particle track

o Threshold readout (one strip signal):

Čposition:

Čresolution: 

   

x =strip position

x1,x2é position of 1
st and 

2nd strip

h1,h2é signal on 1
st and 

2nd strip

SNR é signal to noise ratio

   

µ

A position resolution of a few µm 

is achievable with analogue readout !
51 Centre-of-Charge



Silicon properties 

ïthe numbers are simply right

And detector relevant:

Dense: the average energy loss 

and high ionized particle number 

with 390eV/ɛmḐ108 (electronï

hole pairs)/ɛmis effectively high 

due to the high density of silicon*

No charge amplification needed

very good intrinsic energy 

resolution: for every 3.6 eV 

released by a particle crossing 

the medium, one electronïhole 

pair is produced. 

(30 eV to ionize a gas molecule)

Very fast O(10ns)

Mechanical stability

Self supporting
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* For 300µm thick sensors



Radiation damage in silicon sensors

A very very brief glimpse
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Examples of crystal defects

a defect = óenergy level in the gapô ~ dopant

Take home: There is more than Interstitials and Vacancies; especially with impurities present
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Mind óthe Gapô
Rule of Thumb:

ǒLeakage Current - Relevant from E13 1MeV_Nequiv onwards ïLHC

ǒDepletion voltage - Relevant from E14 1MeV_Nequiv onwards - LHC

ǒTrapping - Relevant from E15 1MeV_Nequiv onwards ïHL- LHC

ǒ ǒǒ
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Some Relevant Radiation 

Induced Defects

* Point defects
gcan only do point defects

Decades of studies 

of RD50 and WODEAN
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Reminder Neff = |NA - ND| defines fields and depletion zone 



Then there is Ădiffusionñ (annealing)

The term ñdiffusionò used here is more a descriptive one combining effects like diffusion,  migration, break-

up, re-configuration of defects ïalso often summarized by the term ñannealingò
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Macroscopic parameters (in n-bulk FloatZone sensors)

SCSI: Space Charge Sign Inversion aka type inversion

positive SC negative Space Charge



Evolution of VFD 
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annealing

irradiation



Real Life: CMS Strip Tracker Currents

Drops due to 

annealing

Long Shutdown (LS)

Technical Stops

Run 1Ą Run 2:

change of temperature 

from +4C to -15C

Rise due to 

radiation

Rise due to 

radiation
Ramping down in temperature remember I~eEgap/kT

You can dial your leakage current at any momentJ

Values from DAQ 

therefore not continuous

Drop due to 

temperature
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