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Introduction
Further reading

List of Literature at the end of the talk

Textbooks
@ 7

@ Journals
o |[EEE Transactions on Nuclear Science
@ Conferences

o Nuclear and Space Radiation Effects Conference (NSREC,
USA)

o Radiation Effects on Components and Systems (RADECS,
Europa)

o NSS, TWEPP, ...
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Introduction

Dosimetry

@ Dose defines absorbed energy per mass
e Unit: 1 Gray [Gy] = 1 J/kg (obsolete unit: 1 rad = 0,01 Gy)

o For biological effects: 1 Sievert [Sv] = Dose in Gray rated
with a quality factor g depending on type of radiation.

1 hour flight Annual dose of
in 8000 m natural radiation lethal dose Electronics in Satellites  Particle Detectors
+ + +
(- 1 1 1 1 1 J
1e-06 0.0001 0.01 1 100 10000 1e+06

Dosis [Sv]

PANDA Lecture WeekIntroduction into Front End ElfR&wRaP,



Introduction

Interaction Radiation — Matter
Radiation Effects on Semiconductor
Literature

Charged Particles
Neutral Particles
Electromagnetic Radiation

Outline

© Interaction Radiation — Matter
o Charged Particles
@ Neutral Particles
@ Electromagnetic Radiation
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Interaction Radiation — Matter

Radiation interacts with matter and leads to
@ lonisation
@ Lattice displacement damage
@ Nuclear reactions

Different modes of interaction

@ Charged particles
Protons, Myons, lons, ...

@ Neutral particles
Neutrons

@ Electromagnetic radiation
Gamma-ray, Electrons
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Interaction Radiation — Matter
Charged Particles

@ Charged particles interact with orbital electrons of absorbing
matter

@ Energy transfer by Collision processes

e Deceleration of projectile
o Excitation of ionisation of absorber atom

@ Description of deceleration by statistical collision processes
with Bethe-Bloch-Equation

dE = Z 22 32 )
" TAR ['“ (1@) ‘6] (1)

e Finite range of projectiles in absorbing matter
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Interaction Radiation — Matter
Charged Particles

Interaction with nucleus possible.

@ Electromagnetic interaction between charged particle and
nucleus
= Rutherford scattering

@ Similar masses = momentum transfer to nucleus = lattice
displace damage

If Coulomb barrier is exceeded nuclear reaction is possible

@ Fusion

“He + N = 70+ 'H — 1,2 MeV
'H 4+ 2H — 3He + v + 5,49 MeV

@ Induced fission
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Interaction Radiation — Matter

Neutral Particles

Neutral particles do not interact with orbital electrons or nuclei by
electromagnetic interaction
Thus

o Large range in matter

@ No Coulomb barrier = low threshold for nuclear reactions

n+¥N s 1C+p

Influence on absorbing matter
@ Collision: Lattice displace damage
@ Nuclear reaction
Example: Neutron Transmutation Doping

n+38i — 3lSi4~

sty 2020 31p | -
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Interaction Radiation — Matter

Electromagnetic Radiation

3 basic interaction processes of electromagnetic radiation with

matter
photo effect Compton scattering pair production
E, < 0,5 MeV E,~0,5...1 MeV E, > 1 MeV
7 oe"

@ Original photon disappeared after interaction
o Radiation intensity decreases exponentially
@ Individual photon range not determined
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Interaction Radiation — Matter

Electromagnetic Radiation

Special position of the electron:
Charged particle but :

@ Energy loss by bremsstrahlung dominates (o ~ 1/m*)

omentum not sufficient for nuclear collisions
@ Cross section for nuclear reaction small (Inverse beta decay)

Effect on matter comparable with photons

At high energies: Electromagnetic showers by alternating pair
production and bremsstrahlung processes
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Interaction Radiation — Matter

Summary

Effects on Matter (e.g. Semiconductors)

@ Charged particles and electromagnetic radiation leads to
ionisation

e In oxides: charge accumulation, electric fields

e In junction areas: electrical pulses, single event transients
@ Lattice displace damages

o Creating vacant states in energy gap: Traps

e = Reduction of mean free path of charge carriers
@ Nuclear reactions (charged particles, Neutrons)

o Lattice displace damages
e Doping
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Outline

e Radiation Effects on Semiconductor, Example MOS-Transistor
@ Reminder: Function of a MOS-Transistor

@ Effects of Oxide ionisation of MOS Transistors
@ Mitigation

@ Single Event Effects
@ Mitigation
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Radiation Effects on Semiconductor

Reminder: Function of a MOS-Transistor

Cross section of a NMOS-Transistor

°
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Radiation Effects on Semiconductor

Reminder: Function of a MOS-Transistor

Isolator Metall epn eds

W
Halbleiter ey ki

Cross section of a metal insulator semiconductor diode and band
structure.

¢m work function (metal) ¢pg potential barrier
x  work function (sem.) E, band gap

EFr  Fermi level E; intrinsic Fermi level
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Radiation Effects on Semiconductor

Reminder: Function of a MOS-Transistor

MIS diode with external voltage:

&

\

» Jevs EF

— Ev

]
Er

Accumulation Depletion

Inversion
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Radiation Effects on Semiconductor

Reminder: Function of a MOS-Transistor

50
=7 T
‘ ‘ ‘ ?\ Lvsl 7v1l‘= 10 VOLTS
' |
| 1J‘ ’ a
an i T ——
LINGAR f’ SATURATION
REGION i’ REGION
i | B
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J-Locus oF 1, Vs v, Wlth B = MCOX W/L
™ T aat LELL -
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i
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/ : Ioss, = 5 (ues — V2 (3)
o 2 DSs.y — 2 ugs T
—

2 4 & B w0 12 14 {6 18
Wp (VI

Characteristics of a MOS transistor from [Sze, 1981] and simple

first order model.
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Radiation Effects on Semiconductor
Effects of Oxide ionisation of MOS Transistors

lonisation leads to creation of electron hole pairs
Partly recombination
Transport of charge carrier across the oxide

Hole capture in deep traps

= Accumulation of positive charge in oxide

Metalisation
Fieldoxide

Polysilicon gate
Gateoxide

p- Substrate
Of particular importance: Gate oxide, Field oxide
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Radiation Effects on Semiconductor
Effects of Oxide ionisation of MOS Transistors

Creation of Electron Hole Pairs:

10° , . o Energy deposition by the
penetrating particle

@ Total ionising dose defined
as energy per mass unit:

0?

STOPPING POWER (MeV-cm?g)

1J
1Gy=—- 4
Y= The (4)
eLecTRoNs @ Electron hole density:
‘200" 1é° 1(‘)‘ 102 1
PARTICLE ENERGY (MeV) n= Dig (5)
[Srour and McGarrity, 1988] Ep
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Radiation Effects on Semiconductor
Effects of Oxide ionisation of MOS Transistors

Creation of Electron Hole Pairs:

Material Mean E, Density Pair density
by 1 Gy
eV g/cm3 cm~3
GaAs 4.8 5.32 7-10"
Silicon 3.6 2.328 4.10%
Silicon Dioxide 17 2.2 8.1-10™

[Schwank, 1994]
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Radiation Effects on Semiconductor
Effects of Oxide ionisation of MOS Transistors
@ part of the electron hole

pairs recombine promptly

Electron hole recombination: o Fraction of unrecombined

10 pairs depends on projectile,
g .l energy and electrical field
; ’,*// 10-keV X-RAYS @ Two established
5 06 ',"/'S-I(eVELECTRONS modeIs[OIdham, 1984]
g o Y/ o low LET: geminate model,
E I e -7—00’“‘/ reTere Smoluchowski, 1917

o2 .—-“"—l____ POSITIVE BIAS o high LET: columnar

Jzs T e model[Jaffé, 1913]

’ 1 ELECT;IC FIEL;(MV/cm)4 ) = TID tests of electronics

[McLean et al., 1989] always have to be done

under bias conditions!
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Radiation Effects on Semiconductor
Effects of Oxide ionisation of MOS Transistors

Charge Transport:

@ Very high mobility of electrons in SiO2 — swept out of the
oxide within picoseconds[Hughes, 1973]
@ Hole transport more complex[Hughes, 1975]
o Much slower (order of seconds)
e Dispersive
e Temperature and field activated
@ Localised traps are involved, two Models:
o Hopping transport[Boesch et al., 1975]
o Multiple Trapping[Srour et al., 1976]

@ Both can be mathematically described by Continuous-time
Random Walk model
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Radiation Effects on Semiconductor
Effects of Oxide ionisation of MOS Transistors

Positive charge trapping:

10 Y
y Poly Gate: 45 nm
Adjusted 500 krad(Si0,)
5 N X—ray, 4170 krad/s
— ~
> ~ T
. LRI 3 3 g2
s ~
3 2 ~i
| ~3
3
| Measured « * * x
1E . . \f;
[ . ]
0.5 1
0.1 0.2 0.5 1 2 5

E,, (MV/cm)

[Shaneyfelt et al., 1990]

@ Highest trap density near
interfaces

@ Holes trapped depending on
hole trap density and
capture cross section

@ Hole trapping efficiency
~1/VE

@ Threshold voltage shift due
to trapped holes:

A\/ot = — <q> toxANot
€ox
(6)
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Radiation Effects on Semiconductor
Effects of Oxide ionisation of MOS Transistors

e-h pairs N,: interface trap
created (O formation (P,) .
ionizi —7 Sio Si
by ionizing N 2 5
radiation s+ + Y
14% N,: deep hole . = =
i trapping (E’) At A7
near interface +

proton

gate transp N
proton /Ii /A
relea:sg/_f/z

hopping transport of
holes through localized

states in bulk SiO2
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Radiation Effects on Semiconductor Effects of Oxide ionisation of MOS Transistors

Literature Single Event Effects

Radiation Effects on Semiconductor
Effects of Oxide ionisation of MOS Transistors

@ Charge accumulation leads to electrical field = Band bending
below oxide
o Gate oxide
o Threshold shift

e Strong ionisation: NMOS-Transistor gets conducting at zero
gate source voltage

o Field oxide

e Arising of parasitic transistor at the channel sides
o Leakage currents
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Radiation Effects on Semiconductor
Threshold shift

o Effect of gate oxide ionisation:
Threshold shift V14 \

. . . IDS
@ Change of operating points in

analogue circuits

@ In digital circuits: shift of
switching points = Changes of

timing

@ Strong ionisation: Vig Ugs
NMOS—TranS|stor gets — without irradiation
conducting at zero gate source low irradiation
voltage — high irradiation
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iiarreiton [Redletiton = \Eticr Effects of Oxide ionisation of MOS Transistors
Radiation Effects on Semiconductor Single E Eff.
LiaEiue ingle Event ects

Radiation Effects on Semiconductor
Threshold shift

S -0.060
F3
2 0080
——N_10_013
-0.100 —&8—N_04_013
—&—N_024_013
-0.120 - x-'N_018_013
- m- N_014 013
-0.140
1.E+05 1.E+06 1.E407 1.E408 1.E+09

TID (rd) (=0,01 Gy)

Threshold shift measured on different transistors in 130 nm
technology|[Faccio, 2006].
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Radiation Effects on Semiconductor
Parasitic MOS Transistors

Parasitic
MOS
o / N .. ..
@ < @ Avrising of parasitic
“ <5 ﬁ transistor at the
Parasitic .
channel = " Field channel sides due to
oxide

jonisation of Field

Bird’s oxide
e beak .
/ @ At NMOS-transistors
\/ = parasitic channels

@ = Leakage current
(R. Gaillard et al., Short Course Notes

of RADECS 1995)
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Radiation Effects on Semiconductor
Effects of Oxide ionisation

NLD1: NMOS 0.24/1.80

030 T T T T T T T T T T T T % =+ =3l
L - B
0.380 = =T ]
= ]
.=
0.370 = = Threshold voltage |
L = e Leakage current
0.360 |- — Fit 1000
0.350 ]
S 0340~
> 0330 3
0.320 1
0.310 —1n
0.300 T I I ]
0.290 I I i{ I 11 l J ]
N 1 L I [ RS P11
0'2800 2000 2500 ¢

500 1000 1500
Dosis [krad(SiO,)]

Threshold shift and increasing of leakage current due to
irradiation[Lochner et al., 2009]
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Radiation Effects on Semiconductor
Mitigation

@ In principle
e Selecting suitable process technology
Technologies with smaller feature sizes are less sensitive
against TID
e Irradiation tests
@ lonisation of gate oxide
o Smaller feature sizes = thinner gate oxide
e Trapped holes neutralised by tunnelling electrons
@ lonisation of field oxide
Enclosed Gate Transistors (Hardness by Design)
Guard rings
parasitic channels can not arise
requires more area = increase of capacitance
= decrease of speed
= increase of power consumption
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Radiation Effects on Semiconductor gffec‘ts of Oxide ionisation of MOS Transistors
Literature ingle Event Effects

Radiation Effects on Semiconductor

Counteraction

Layout of an enclosed MOSFET[Bruder, 2006]
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Radiation Effects on Semiconductor
Other Examples

2 1.1 ———TT T —T— T
[ Ag=0.12x2.50m(9T) |
1.0 gg\ ]
-34 N Veg = 0V 4
0.9 Tt x 300K =
L R S0 ) ]
4 0.8 [ T R { —
H R -

- N o o~y
2z <07 N N —
< 5 ry L R NG 4

= g N
= — N —
> S0s . Q 1
3 N
64 & 05 |- 0~ N
I OS5HP (Ag=0.5x2.51m?) . b
0.4 [ 7HP (Ag=0.16x1.6um?) -
71 3 9T Low BVceo T o 8
0.3 [~ W 9T High BVceo -
8 02 | ]
0.01 0.1 1 10 100 1000 1x10 2 1x10™ xi0 ™
Fluence (10" cm?) Proton Fluence (plom?)

Threshold shift of a High Decrease of current gain
Electron ~ Mobility ~ Transistor of SiGe HBTs of different
(HEMT)[Karmarkar et al., 2004] generations[Sutton et al., 2004]
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Litera

ture

Radiation Effects on Semiconductor
Non-Volatile Memory

Non-Volatile Memories in most cases based on floating gate

structures.

G
tp SO

bttm SO

tpSO

bttnSO

%////W////

STI

Substra

STI

Substrate S

OOOOO

[Cellere et al., 2004]
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Literature Single Event Effects

Radiation Effects on Semiconductor
Non-Volatile Memory

@ Threshold of memory transistor

Singlle Event Latch up: defined by charging of FG

Cul AR | e Threshold shift due to TID

s oy observable

%" 0.001 [

2 oot @ Control circuit more sensitive to
O‘i)zzzzi s irradiation than memory

. —o— 10krad(Si) . .
. -~ 100kad(S) cells[Nguyen et al., 1999] (finite

SRV state machine, charge pumps,

[Cellere et al., 2004] output register...)
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Radiation Effects on Semiconductor
Single Event Effects

Energy deposition due to ionising radiation
@ Measure for energy deposition: Linear Energy Transfer LET
o Measured in MeV/cm or MeV cm? / mg

@ Conversion by material density

MeVem? MeV g
LET /=2 —  LET 1000 -
/ mg / cm /1000 Q/cm3 (7)
MeV MeVem? g
LET — LET/MOVMT 000
/ cm / mg 000 Q/cm3 (8)

osi = 2,33 g/cm?
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Single Event Effects

Radiation Effects on Semiconductor
Single Event Effects

LET of 12C: 5 MeVem?/mg = 11,6 GeV/cm
LET of 58Ni: 30 MeVem?/mg = 69,9 GeV /cm

Energy deposit in 1 pym Silicon:
12C: 1,16 MeV

*8Ni: 6,99 MeV

lonisation energy: 2 - 3 eV =

12C: 464000 Electron hole pairs ~ 74 fC
58Ni: 2796000 Electron hole pairs ~ 447 fC
For comparison typical charge in register cell:

@ Supply voltage 1,8 V

e Node capacity: 10 fF

o = Charge : 18 fC

Deposited energy large enough to flip register
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Interaction Radiation — Matter Reminder: Function of a MOS-Transistor
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Radiation Effects on Semiconductor
Single Event Effects

GRISU, A Test Device for SEE Cross section Measurement

[ of @ channels|
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n In_teractlon Radlatlor] = Wikitiay Effects of Oxide ionisation of MOS Transistors
Radiation Effects on Semiconductor Single E Effe
Reretnne ingle Event Effects

Radiation Effects on Semiconductor
Single Event Effects

Linear energy transfer for different ion beams at GSI linear

accelerator
70
— Xe-132-IC-FR005] |
o  Ness-icrmoos ||
—— Ar-40 - IC-FR 005
50 — C-12-1C-FR 005
\
g 40
E |
2w .
5 \
20 . \
Irradiation setup @ GSI 0 ,,//*//\
| \ |

0 5 10 15 20 25 30 35 40 45
Distance from exit window [cm]

[Lochner et al., 2009]
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Effects of Oxide ionisation of MOS Transistors
Single Event Effects

Radiation Effects on Semiconductor

Single Event Effects
1.0e-07

1.0e-08

1.0e-09

1.0e-10

c[cmzlbit]
T
Ll

1.0e-11

1.0e-12

1013 b b b b b o oo Lo b oo
0 5 5 40 45 50 55 60 65

LET [MeV cm’/mg]

Cross section for single event transients in minimum sized CMOS

inverter[Lochner et al., 2009]
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Reretnne ingle Event Effects

Radiation Effects on Semiconductor
Single Event Effects

10um

0 0 0

o A 0 S
o WA B B

Intersection points of ion trajectories leading to
SETs[Lochner et al., 2009]
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Reminder: Function of a MOS-Transistor
Effects of Oxide ionisation of MOS Transistors
Single Event Effects

Radiation Effects on Semiconductor
Single Event Effects

@ Single Event Transients

Pulse transients due to charge injection by ionising particles
harmful for: combinational logic, analogue circuits

SETs close to clock edge = corrupted data stored in register

Probability increases with increasing clock frequency
Critical nodes:

o Clock tree

@ Asynchronous reset
On Nov. 11th 2001 an SET caused a RESET of NASA MAP
(Microwave Anisotropy Probe)
Satellite switched into safe hold mode. Reactivation needed
several days
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Radiation Effects on Semiconductor
Single Event Effects

Single Event Transients:
SET

Clock

SET

T 1

Q| o

Reset

—Q =l

SET
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Single Event Effects

Radiation Effects on Semiconductor
Single Event Effects

@ Single Event Upset

o Bit flip of a register or SRAM cell

e Corrupts data or processing code

e SEUs in finite state machines might cause an undefined state
— Chip system hang-up

e Probability depends on process technology, layout, state,
clocking etc.

o Latest technologies with small feature sizes are more vulnerable

o FPGAs: SEU in configuration LUT leads to functional change
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Reminder: Function of a MOS-Transistor
Effects of Oxide ionisation of MOS Transistors

Single Event Effects

Radiation Effects on Semiconductor
Single Event Effects

o

6 [cm™/bit]
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C L} ]
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| | | | | | |

=5 5 [ o, >y 5 =9

&) a a =B £ B ) A o

= g5 o 95 Ta 3 o8

@ ] 2 @ 30 = 3

@ 5 = (=}
PA‘NEA Lecture WeeklIntroduction

into Front End EIHERSwr-dIP,



Introduction

Interaction Radiation — Matt Reminder: Function of a MOS-Transistor
_nteraction Radiation atter Effects of Oxide ionisation of MOS Transistors
Radiation Effects on Semiconductor Single E Effe
Reretnne ingle Event Effects

Radiation Effects on Semiconductor
Single Event Effects

Single Event Latch up:

Substrate __f I

Con:act\ —
o e ]

AAA.
WY

sl

[Johnston, 1996]

PANDA Lecture WeekIntroduction into Front End ElfR&wRaP,



Introduction

Interaction Radiation — Matter
Radiation Effects on Semiconductor
Literature

Reminder: Function of a MOS-Transistor
Effects of Oxide ionisation of MOS Transistors
Single Event Effects

Radiation Effects on Semiconductor

Single Event Effects

Single Event Latch up:
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[Johnston, 1996] °

Latch up: low resistive condition
in four region structures
Triggering of Latch up:
Transition from region | to region
I

Device restoring to normal
operation only by decreasing
supply voltage below Vi

Current only limited by external
supply resistance

Large current might cause
over heating and permanent

device damage
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Radiation Effects on Semiconductor
Single Event Effects

Mitigation
@ Single Event Transients & Single Event Upsets
e Redundancy

@ SEU: Triple redundant register, hamming coding
e SET: triple redundant combinatorics, triple redundant
registers with phase shifts

o Larger node capacitance requires larger charges = SET and
SEU less probable

@ Single Event Latch up
e Protection by Chip Layout
o Guard rings
o Sufficient density of substrate and well contacts

e Component selection by irradiation tests!

PANDA Lecture WeekIntroduction into Front End ElfR&wRaP,



Outline

@ Introduction
© Interaction Radiation — Matter
© Radiation Effects on Semiconductor, Example MOS-Transistor

Q@ Literature

°
Holger Flemming PANDA Lecture Weekintroduction into Front End El&R&RAP,



Introduction

Interaction Radiation — Matter
Radiation Effects on Semiconductor
Literature

Boesch, H. E., McLean, F. B., McGarrity, J. M., and Ausman, G. A. (1975).
Role transport and charge relaxation in irradiated sio2 mos capacitors. /[EEE
Transactions on Nuclear Science, 22(6):2163-2167.

Bruder, M. (2006). Design und implementierung einer strahlenharten
standardzellbibliothek. Master's thesis, Universitaet Mannheim.

Cellere, G., Paccagnella, A., Visconti, A., Bonanomi, M., Caprara, P., and
Lora, S. (2004). A model for tid effects on floating gate memory cells. /[EEE
Transactions on Nuclear Science, 51(6):3753-3758.

Faccio, F. (2006). Radiation tolerance of commercial 130nm cmos
technologies for high energy physics experiments. Talk on 6th International
Meeting on Front End Electronics for High Energy, Nuclear, Medical and
Space Applications.

Hughes, R. C. (1973). Charge-carrier transport phenomena in amorphous sioz:
Direct measurement of the drift mobility and lifetime. Phys. Rev. Lett.,
30:1333-1336.

PANDA Lecture WeekIntroduction into Front End ElfR&wRaP,



Introduction

Interaction Radiation — Matter
Radiation Effects on Semiconductor
Literature

Hughes, R. C. (1975). Hole mobility and transport in thin sio2 films. Applied
Physics Letters, 26(8):436—-438.

Jaffé, G. (1913). On the theory of ionization in columns. Ann. Phys.(Leipzig),
42:303-344.

Johnston, A. H. (1996). The influence of visi technology evolution on
radiation-induced latchup in space systems. |[EEE Transactions on Nuclear
Science, 43(2):505-521.

Karmarkar, A. P., Jun, B., Fleetwood, D. M., Schrimpf, R. D., Weller, R. A.,
White, B. D., Brillson, L. J., and Mishra, U. K. (2004). Proton irradiation
effects on gan-based high electron-mobility transistors with si-doped alxgal-xn
and thick gan cap layers. |[EEE Transactions on Nuclear Science,
51(6):3801-3806.

Lochner, S., Deppe, H., and Flemming, H. (2009). Radiation studies on the
umc 180nm cmos process at gsi. In 2009 European Conference on Radiation
and Its Effects on Components and Systems.

PANDA Lecture WeekIntroduction into Front End ElfR&wRaP,



Introduction

Interaction Radiation — Matter
Radiation Effects on Semiconductor
Literature

McLean, F., Boesch Jr, H., and Oldham, T. (1989). Electron-hole generation,
transport and trapping in sio 2. In lonizing radiation effects in MOS devices
and circuits.

Nguyen, D. N., Guertin, S. M., Swift, G. M., and Johnston, A. H. (1999).
Radiation effects on advanced flash memories. |EEE Transactions on Nuclear
Science, 46(6):1744-1750.

Oldham, T. R. (1984). Analysis of damage in mos devices for several radiation
environments. /EEE Transactions on Nuclear Science, 31(6):1236-1241.

Schwank, J. R. (1994). Basic mechanisms of radiation effects in the natural
space radiation environment. In 31. annual international nuclear and space
radiation effects conference.

Shaneyfelt, M. R., Schwank, J. R., Fleetwood, D. M., Winokur, P. S.,
Hughes, K. L., and Sexton, F. W. (1990). Field dependence of interface-trap
buildup in polysilicon and metal gate mos devices. /EEE Transactions on
Nuclear Science, 37(6):1632-1640.

PANDA Lecture WeekIntroduction into Front End ElfR&wRaP,



Introduction

Interaction Radiation — Matter
Radiation Effects on Semiconductor
Literature

Srour, J. R. and McGarrity, J. M. (1988). Radiation effects on
microelectronics in space. Proceedings of the IEEE, 76(11):1443-1469.

Srour, J. R., Othmer, S., Curtis, O. L., and Chiu, K. Y. (1976).
Radiation-induced charge transport and charge buildup in sio2 films at low
temperatures. |EEE Transactions on Nuclear Science, 23(6):1513-1519.

Sutton, A. K., Haugerud, B. M., Lu, Y., Kuo, W.-M. L., Cressler, J. D.,

Marshall, P. W., Reed, R. A., Rieh, J.-S., Freeman, G., and Ahlgren, D.

(2004). Proton tolerance of fourth-generation 350 ghz uhv/cvd sige hbts.
IEEE Transactions on Nuclear Science, 51(6):3736-3742.

Sze, S. M. (1981). Physics of Semiconductor Devices. John Wiley & Sons,
New York, 2 edition.

PANDA Lecture WeekIntroduction into Front End ElfR&wRaP,



	Introduction
	Further reading
	Dosimetry

	Interaction Radiation – Matter
	Charged Particles
	Neutral Particles
	Electromagnetic Radiation

	Radiation Effects on Semiconductor, Example MOS-Transistor
	Reminder: Function of a MOS-Transistor
	Effects of Oxide ionisation of MOS Transistors
	Single Event Effects

	Literature

