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IntroductionIntroduction
• Radiant detectors detect signals originate in 
atomic or nuclear processesatomic or nuclear processes
• The radiation can be of type; electromagnetic, 
neutrons, kinetic electrons or heavy-charge 
particles
• Electromagnetic radiation typical

– Light (visible UV IR)– Light (visible, UV, IR)
– X-ray photons “transition of orbital electrons”
– Gamma photons “de excitations processes in 

l i l ti d i d ti ”nuclei, nuclear reaction and pair production”



Interaction of radiation with matterInteraction of radiation with matter

Electromanetic spectraElectromanetic spectra

E=energy

v=frequency
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Interaction of radiation with matterInteraction of radiation with matter

•Absorption processes in p p
semiconductor for higher photon 
energies
–Photoelectric effects

•Photon is completely absorbed in one•Photon is completely absorbed in one 
interaction, resulting in an energetic 
photoelectron

–Compton scattering
Photon energy is partly transferred to•Photon energy is partly transferred to 

a recoil electron and a lower energetic 
scatter photon

–Pair production
E di t f•Energy exceeding rest mass of an 

electron, 1.02 MeV. A electron-positron 
pair is created. General two 
annihilation photons are generated 
caused by the absorption of positroncaused by the absorption of positron.



Interaction of radiation with matterInteraction of radiation with matter
•One atom have a nuclei with 
orbital electrons. The energyorbital electrons. The energy 
levels describing the orbital 
electrons are discrete.
•When several atoms are 
ordered in a lattice, as in 
silicon, the discrete energies 
are combined into energy 
bands The energy bandsbands. The energy bands 
have normally a complicated 
structure as can be seen in 
the figure.g
•Conduction band host free 
electrons and valence band 
host free positive charges 
“h l ”Ec “holes” 

Simplified band 
structure

Ev

Ec
Eg= bandgap



Interaction of radiation with matterInteraction of radiation with matter
• Depending of the properties of 
h b d h b i fthe band structure the absorption of 

a “low” energy photon is strongly 
depended of the energy
• The lowest photon energy which 
can be detected is equal with the 
energy –bandgap. Si Eg=1.12 eV, Ge
E 0 67 V G A E 1 42 VEg=0.67eV,  GaAs, Eg=1.42 eV
• At lower energy one photon 
generate one e/h-pair, when the 

i 3 ti thenergy increase ~3 times the 
energy bandgap, impact ionisation 
result in more than one e/h pair 
generationgeneration



Interaction of radiation with matterInteraction of radiation with matter

Ionised particle stoppingIonised particle stopping 
mechanism
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Interaction of radiation with matterInteraction of radiation with matter
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Simulation of stopping power can be done with SRIM software “SRIM.org”



Interaction of radiation with matterInteraction of radiation with matter
• Ionisation of 

semiconductor
– Particle and high energy photons 

(x-ray,gamma) result in an 
generation of one e/h-pair /~3Eg

– For silicon is needed 3.6eV to 
generate one e/h-pair

– Picture; C. A. Klein, J. Appl. Phys., 39, No.4, 2029, 
(1968)



Interaction of radiation with matterInteraction of radiation with matter
• Detection of radiation
• Necessary properties of a• Necessary properties of a 
detector
• Normally is the produced 
excess charge to small 
compared to the leakage 
current. Therefore a blocking g
contact must be introduced



Semiconductor physicsSemiconductor physics
•Doping•Doping

–N type ”free electron”
–P type “lost of a valence yp
electron”



Semiconductor physicsSemiconductor physics

•Energy band gap•Energy band gap
–Levels of some donors and 
acceptor ions



Semiconductor physicsSemiconductor physics
Mobility as a function ofMobility as a function of 
impurity concentration



Semiconductor physicsSemiconductor physics
Silicon surfaces danglingSilicon surfaces, dangling 
bonds



Semiconductor physicsSemiconductor physics
•Basic properties diode•Basic properties diode

–Expected IV-characteristic
–Formation of a 1-dim. diode



Semiconductor physicsSemiconductor physics
Abrupt junction one sideAbrupt junction one side 
heavily doped

Result in



Semiconductor physicsSemiconductor physics
Capacitance of a diodeCapacitance of a diode

Capacitance versus voltage, 
one side abrupt junction

Doping concentration versusDoping concentration versus 
depletion width



Semiconductor physicsSemiconductor physics

•IV characteristic•IV characteristic
–Ideal diode equation

–Reverse current, contribution 
from generation of carrier,from generation of carrier, 
abrupt junction p+n
–Forward current, diffusion + 
recombinationrecombination 
– n ideal factor, n=1 diffusion, 
n=2 recombination, 1<n<2 !



Semiconductor ProcessingSemiconductor Processing
• Passivated, silicon planar diode 

detector
• Almost operated with reverse bias 

voltage, (except photodiodes 
normally operated with zero bias 
voltage)

• J. Kemmer, Nucl. Instr. and Meth. 226, 45, (1984)
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Semiconductor ProcessingSemiconductor Processing
Basic diffusion

Constant s rface concentrationConstant surface-concentration
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Semiconductor ProcessingSemiconductor Processing
Constant dose (quantity)
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Semiconductor ProcessingSemiconductor Processing
Diffusion coefficient
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⎤
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kT
EDD aexp0

T= temperature in Kelvin

k=8 617⋅10-5 (eV/K) ”Boltzmans-constant”k 8.617 10 (eV/K) Boltzmans-constant

Ea= activation energy (eV)

D = Diffusion coefficientD0= Diffusion coefficient 

extrapolated for infinity temperature

D is the intrinsic diffusion coefficient and is valid when C<ni

ni=intrinsic charge carrier concentration for a specified 
temperature. 

When C>=ni then D is extrinsic diffusion



Semiconductor ProcessingSemiconductor Processing

S lid l bilitSolid solubility



Semiconductor ProcessingSemiconductor Processing

Intrinsic carrier concentrationIntrinsic carrier concentration



Semiconductor ProcessingSemiconductor Processing
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Semiconductor ProcessingSemiconductor Processing



Semiconductor DetectorSemiconductor Detector
•Drift of generated carrier 
i th d t tin the detector

Ε⋅= μv for v<vs

•Fast current pulse-high 
electric field in the 
detector
•High mobility for holes 
and electrons
•The mobility for holes areThe mobility for holes are 
in most cases lower  than 
electrons.



Semiconductor DetectorSemiconductor Detector
High reverse bias in theHigh reverse bias in the 
detector generate high electric 
field
Reverse bias 20 VReverse bias 20 V



Semiconductor DetectorSemiconductor Detector
Qf=2⋅1012 q/cm2Qf 2 10 q/cm
Vr=20V
Result in high electric field at 
anodeSiO anodeSiO2



Semiconductor DetectorSemiconductor Detector
And surface avalancheVb And surface avalanche 
breakdown

Vbr



Semiconductor DetectorSemiconductor Detector

•Edge termination•Edge termination
–Edge implantation (edge 
of anode) or diffusion 
dri e indrive in



Semiconductor DetectorSemiconductor Detector
•Edge terminationg

–Field plate



Semiconductor DetectorSemiconductor Detector

•Edge termination•Edge termination
–Floating guard rings, reverse 
bias 40 V , Qf=2⋅1012 q/cm2



PhotoconductorPhotoconductor
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PhotoconductorPhotoconductor
Generation rate of carrier per unit volumeGeneration rate of carrier per unit volume

Photocurrent flowing between contacts
==

Primary photocurrent

Photocurrent gain



PhotoconductorPhotoconductor



PhotoconductorPhotoconductor
Detectivity

A=area of detector
B=bandwidth
NEP=noise equivalent powerNEP noise equivalent power



PhotodiodePhotodiode
•Responsivity 1

–Antireflective coating minimize–Antireflective coating, minimize 
reflection

–SiO2-Si interface (if silicon), effect 
short wavelength responsivity

Eff ti d th f d i–Effective depth of device (effect 
long Wavelength responsivity)

•Internal quantum efficiency

•External quantum effiency
–Include optical properties:Include optical properties: 
Reflection, absorption and 
transmission

•Responsivity 2
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Schottky diodeSchottky diode
Thin metal (~100Å) on aThin metal ( 100Å) on a 
semiconductor surface



Schottky diodeSchottky diode

a b c pn-junctiona,b,c pn junction
d,e,f schottky-junction



Avalanche photodiodeAvalanche photodiode
Operated at high reverse bias voltageOperated at high reverse bias voltage 
where avalanche multiplication occur.
Problem to achieve uniform avalanche 
multiplication in entire light sensitivemultiplication in entire light sensitive 
area



PhototransistorPhototransistor
High gain through the transistor actionHigh gain through the transistor action
Slower response-time compared with 
photodiode
pn-diode 0 01uspn-diode 0.01us
Ph-trans. 5 us
Ph darlington 50 us
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ExerciseExercise
11) Calculate and simulate (both) the deposited 
energy of an alfa particle with energy 5MeV in theenergy of an alfa particle with energy 5MeV in the 
thin silicon film? What energy have the leaving 
alfa particle.

α α

6 um
Simulation of stopping power can be 
done with SRIM software “SRIM.org”


