Introduction to radiation effects In
electronics (and detectors)

8th EIROforun®chool on Instrumentation

2024/05/14¢ ESOEUROfusioarchingGermany)

CE/RW
GulioBorghelb (CERN HPSEME) \
giulio.borghello@cern.ch S~



introduction on radiation effects in electronics and detectors
8th EIROforuntSchool on Instrumentation

radiation effects in electronics:

anyradlatlodelectromc devicanteractionthat can perceptlbly
mfluence the expectetiehaviorof the electronic device
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introduction on radiation effects in electronics and detectors
what are SEE effects? ROl e
| |

Single Event Effects (SEES) are any measurable disturbance
.on a circuit resulting from single energetic particle strike

oloho|o|o0]O

0|0FLgo0[0|0

example: | ololololo]o
an energetic particle

flips a bit in a memory 0/0)0 \\1 0]0

olololoNo]|oO

0/o|[0]|0 \g 0

\
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Qantas Fllg ht 72 8th EIROforunSchool on Instrumentation

X Iy AYyFtAIKG | OOAsudden, GKI G AyOf dzZRSR | LI AN 27
uncommandegitch-down manoeuvreghat caused severe

injuries including fractures, lacerations and spinal injuries

X

Unrestrained (and even some restrained) passengers and |;{17{2'/3 181 30 AR R AR R 1)

crew were flung around the cabincrushed by overhead
luggage, as well as crashing with and through overhead
compartment doors.

https:/imww.youtube.com/watch?app=desktop&v=HKJ1llh2Cgk&ab_channel=TheFlightChannel

https:/len.wikipedia.org/wiki/Qantas_Flight_72
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Table 2: Typical Popular SRAM FPGA Configuration Upsets at n FIT/Mb (Failures in Time per Billion
hours per Megabit of Configuration Memory)

Technology Node FIT/Mb
250 nm 160

180 nm 180 3500 ! : : : : : : : :
150 nm 400 : O *

130 nm 400 3()00 B
90 nm 100 [
65 nm 160 [
45 nm 180 2500 [
40 nm 100 [
28 nm 80 2000 R

1500 |

MicrosemiSingle Event Effecté\ Comparison of Configuration Upsets and Data Upsets
https://www.microsemi.com/documenportal/doc_view/13583Avp0203sinaleeventeffect sa-compari sorof-configurationupsetsand-dataupsets

D
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~1h course on SEE on Neural Networks

Experimental Evaluation of’
Artificial Neural Networks Reliability:
from GPUs to low-power accelerators

Paolo Rech, Senior Member, IEEE
Universita di Trento, Italy and Universidade Federal do Rio Grande do Sul, Brasil
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How An lonizing Particle From Outer Space Helped A
Mario Speedrunner Save Time

Super Mario 64 speedrunner DOTA_Teabag received some cosmic help from an ionizing particle, resulting in an impossible glitch.

BY MALCOLM DONALD  PUBLISHED SEP 16,2020

Mario, Peach and Toad In Front Of Space

https:/imww.thegamer.com/howonizingparticle outer-spacehelpedsupermario-64-speedrunnersavetime/
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neutralatom chargecatom
or molecule or molecule

interaction with

an electron ——~—__

2ctronthole pair

L J
energetic particle
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If theionizing particland/or theemitted electrorhave
enough energy, they can ionize other atoms along their path

N

multiple electronhole pairs
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introduction on radiation effects in electronics and detectors
what are SEE effects? ROl e
| |

n-doped Si
(V>0) |
' depietion. B
I region |
) + ho/es;}
p-doped Si B 7 - clecirong
(V=0)

Charge collection has TrEssmEEEEEEEsasasmEREREEEEa,

2 prompt (drift) and The effect of the current:
a slow (diffusion) components spike depends on WheI’G:
(i.e., in which circuit, celf,
node, etc.) it occurred

current (a,u,]

o P 10
time [seconds]

https://tmrg.web.cern.ch/tmrg/tmrg_kulis_in2p3.pdf
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Single Event Effects

/ \

non-destructive destructive
A Single/Multi Event Upset A Single Event Latdbp

(potentially destructive)

A Single Event Transient
A Single Event Buiout

A etcX |
A Single Event Gate Rupture

A etcX
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Single Event Effects

/ \

non-destructive

| |

A Single/Multi Event Upset
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BIFUPSET = change in the value of a bit caused by a particle

o|lo|o|o|o|o]| -
o|lo|o|o[ro

o|lo|lo|o|lo|o
o|lo|loglo|lo|o
oO|lo|lo|o|o|oO

oclo|lo|lo|lo|o
/
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example SRAM Ce” 8t EIROforunchool on Instrumentation

VDD

...‘.I'.

. -
. ® :. ®
A =VDD B=0V : : B=0V
A =VDD :

llll.ll‘

GND
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exa.mple SRAM Ce” 8t EIROforunchool on Instrumentation

GATE

VDD
Vgs=-VDD
Vo= 0V

Vgs= 0V
YOAODE  Vos= VDD
OOAOC DS GND
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example SRAM Ce” 8t EIROforunchool on Instrumentation

GATE

for the spike current to flow, the pMOS must VDD
turn on, lowering the voltage in node A

.

node A
SOURC

__________

OOAOC G ND

20%4/05/14 giulio.borghello@cern.ch | CERNEFEME 19




introduction on radiation effects in electronics and detectors

example SRAM Ce” 8t EIROforunchool on Instrumentation

GATE

for the spike current to flow, the pMOS must VDD
turn on, lowering the voltage in node A

™~

node A
SOURC

enforcesA=GND
-> the error is latched
into the memory cell!

__________

OOAOC G ND
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Single Event Effects

/ \

destructive

| |

A Single Event Gate Rupture
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source Gate Source Gate Source Gate Source Gate Source Gate
—— cC——— [— e
P P P p p IV p P P
P+ P+ | P+ P+ P+ P+ P+ P+
N N
| |
Drain Drain Drain Drain
i metallization ey @& (a) Schematic view of power MOSFET cross section.

(b) ON mode. Current flows from source to drain. No electrical fie
iIn N/N+ drain junction.

— (c) OFF mode. An ionized track crosses the structure. High electr
. S field in N/N+ drain junction separates its (+) ah@lfarges.

' . (d) The (+) charges accumulate below gate oxide, and iR)age (
= charges accumulate above gate oxide.

—F " ‘
ey — . . . . - .
i 1’{’” ' il < iy P (e) This causes a high electrical field through the gate oxide, whic
l:m L if]“f‘h ’3{} : — causes a gate rupture.
\ ;,:\'m..'l ] 'l' | , .f"l--....lun....... .

e e : thanks Martin DENTAN, £ o "rrmerreeeen,
s et oo oo a1 5% wen 2SN DENTAN for the slige)
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How different particles ionize the material?

(from the point of view of radiation effects in electronics)

2024/05/14 giulio.borghello@cern.ch | CERNEFEME 23



Diﬁerent app”cations have diﬁerent radiation environments! introduction on radiation effects in electronics and detectors
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CMS SPACE

Contributions to 1MeV neutron equivalent fluence in Silicon

Integrated Iumlnosny 3000 fb™ : : T
le+17 T T T T T 3 . . 10 T T T T T 5 10 T T T T |
CMS Ngul;ons % gcm — 1 . a2
Simulation Preliminar: rotons cm —— ] S =
4 Char?ed Pions, Z =0 cm —— 105 |- y 2 10
Il Particles,Z=0cm —— > ]
P 1e+16 Neutrons, Z = 250 cm 3 o S 102 _
: ‘e i Protons, Z = 250 cm ------- ] =z 104 C 3 S
' S Charged Pions, Z = 250 cm ] g (o) 2 402 _
. = Hi All Particles, Z=250cm ------- : = 3 M S
© 8 fest5 ) ] . 2 1°r g 5 8 404 |
.- 3 Q Ne Si Fe -
i3 w 10z L | & 105 -
- = = £
: o r = ~ 10'5 =
D P fes14 | < 10 5
C - E w r m e 107 -
D s = =
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= L 1.0 } _ g
T 1e+13 | ;.; 109 .
C 01 | | 1 | | 6 1 1 1 1 1
0 5 10 15 20 25 30 10 10° 10° 10* 10° 10° 10’
Tea12 | . ] . ; . : ATOMIC NUMBER (2) Kinetic Energy (MeV/Nucleon)
e+ — S et s . . — : :
0 20 40 60 80 100 : : (a) (b)
.-------------------------------------------------------------------------------------: E Figure D1Abundances (a)andenergyspectra (b)ofGCR- .

W. Adam et al 2017 JINST 12 P06018, DOI 10.108%)22282/06/P06018
https://three.jsc.nasa.gov/concepts/SpaceRadiationEnviron.pdf

neutron flux at sea level: ~ 18 neutrons/cimaur with E>2 MeV
httns [Iwwwl.Inl.infn.it/~Inldir/Seminario%20sorgenti/P DF/Wyss. pdf
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directionization Indirect ionization

all particles!

charged particle (ion)

interaction with

an electron ——___

. O * *
energetic )
charged particle \ ) "
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unrestricted LET of Si in Si ) - )

10! | ionize the material isalledlinear energy transfer (LET)

Pa

109 |

MeV /(mg/cm?)]

— 1071}

LET

1074 1072 1072 107! 10° 10t 10* 10° 10*
Energy [MeV]

Calculated as electrical stopping power from SRIM tables: \ . . .
J.F.Zieglerand JBersack 4 { 12 LILA Y3 FyR Nry3aS 27 A2ysNEIQY of sneidents pﬁlm(ﬂ&é ®a NRA Y ®2 NB
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unrestricted LET in Si «
. . : - -/A- He
SO 10 g (£t \K o N
5 - Mg
E 100 7 ﬁ —V—Cu
&) L e
= £ W
% 107! Lot N
= s
H .IlEllllllllll'.lllllllll:-
= 102 : heavier particles
i : have Iarger LET:
10 3 -llII llll l lllIllll
10~ 510 410 310 210 1 100 101 102 103 104

energy [MeV]

Calculated as electrical stopping power from SRIM tables:

: : ) F
JF.Zieglerand JBlersack G { G2LIJAY3 FyR N} y3S 2F Azya Ay viddsnse kAWM

2024/05/14

10 4107310721071 10° 10' 102 103 10%
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range in Si

......................

heawer partlcles :

Energy [MeV]

Calculated from electrical stopping power from SRIM tables:

R 4 fih U B Y 3

FYR NIXy3aS 2F A2ya

—-o—-H
-A-He
e L
-%-Mg
—7—Cu

AY YIGGSNE:
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For indirect ionizing interactions, we need to know the probability of an interaction event occurring.

Rt «\Q\e Different reactions have different probabilitiesdss sections
. o QS &
PR\ LSSy 106
K (\e ““‘
W e 10° —©—total :
e — -/ elastic 3
TOTAL 4 4 '
% 10 ---E---lOB + _|_7 Li 'l
2, 107 ]
=
SCATTERING ABSORPTION 3}
. . ) % 101 "
% 0 ————————————
| % 101
ELASTIC | | INELASTIC | | pieSiRon | | cHARGED | | NEUTRAL | | FissioN 10
------------------ mtevinstanit [ euduheduaionts B mientebeniede 102
(np) || (n2n) N D DA S N YN N D
, (n,o) ~ {n,3n) /'\,/\,/////////QQQ
(n.n) (nm) (n.y) e an (n.) SEVSELISLILP BN
etc. . elc.

Energy [MeV]

Figure: J.JAutrarz. 5 ® adzyu Sk ydzz a{2Fud 9O9ONNEBNEX FTNRBY tI NUAOtSa D%tgfroénﬁ\ttyél:?/dzx uaegz2

Available at: http:/mww.fas.org/sgp/othergov/doe/lanlAilaww/la-pubs/00326407 . pdf) Database ENDF’mnndc.bnl.qovl endi/
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energy needed to create an :
‘e-hpairin SO (3)& o® A 6

:An upset is triggered if enough :

: charge ¢ritical chargpis _
: deposited in thesensitive volume:
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RADIATION

EFEECTS IONIZING

SINGLE EVENT

STOCHASTIC EEFECTS
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SEE are stochastic In nature

A a particle may or may not produce an error

SEErosssection ( ) measures the
probabillity for an SEE to occur

~
A I ~
1

2024/05/14 giulio.borghello@cern.ch | CERNEFEME

on radiation effects
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electro

nics and detectors
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example: SRAM in 28nm CMOS technology

1 UL FEEE RS O
R T S b

m maximum crossection

OsrAM [cm?]

rﬁinimurén LET? needéd/'

.

1
I
I : : :
I to have:an event
l : : :
I

1079 _4 ....... .............. TEENE ............... ............. ;

oo = 10.491] ]

LET, = 44f
W, = 22
s = 818.78m

- - -fit

@ C

A Ne
m Al
% Ar
v Cr
O Ni
< Kr
D> Rh

*x Xe

introduction on radiation effects in electronics and detectors
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Weibull fit:

"V e

O T TN
0 10 20 30 40 50 60 70

LET.¢ [MeV/(mg/cm?)]

G. Borghello, et alSingle Event Effects characterization of a commercial 28 nm CMOS technology, TWEPP 2023
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“o (ANpg8 x AP , BT+ AB r @ ¢ A6 thermal neutrons Cross section
\ . (O pAVIO
/
thermal neutron S| - J
.43 ,-Q N sat
3
V‘h) g (= N
Sk %
@ > 5 “,
"
X)( 7,

\ \ h Neutron energy

fast neutrons cross section

~ A o~

x A E AZEH O
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RADIATION

EFEECTS IONIZING

TOTAL IONIZING

CUMULATIVE DOSE (TID)
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RADIATION

CCECETC

IONIZING

TOTAL IONIZING
CUMULATIVE DOSE (TID)
................................... ) a\most neg\‘g\b )
ceepnanenerennnne - i teract\on may be CtS
the impact of single msovertime leading to measurable effe

ithe damage accumulate
: er the effects!

e greatl
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failure of DCDC convertens the CMS pixel system during the 2017 run

i

8 8 £ 8 5 g 2 8 g 2 e = 2 %
70 egggsss 28 I B: 88 §:z 282 3z 8 &
8 8 8 8 8 B8 88 8 88 88 8 8 8 8 B8 8 8| 8
. Slope is proportional to

600 Bpix Layer 1 luminosity (SEU on TBM)
500 :— Number of inactive

— ROCs is reset at / Caused by TI'D

— ower cycl : : :
400 TR Powercycle /] Induced increase Iin

[ —

— 1st DCDC lost /
0 pgomae | 200C! ) leakage current of

— power cycles / ; |
200 3 e ‘ MOS transistors!

— L Accumulate
100 - permanently lost ROCs,

s /1 due to broken DCDC

0 1 1 I o 1 L converters
0 10000 0000 30000 40000 50000 60000
Lumi section------> LS (x 10)

Manual power cycles in inter fills

Increase in luminosity, change in beam structure
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https://indico.desy.de/event/21211/contributions/42055/attachments/26775/33802/KatjaKlein_12thDetectorWorkshop_14032019.pdf
https://espace.cern.ch/project-DCDC-new/Shared%20Documents/SummaryMeasurements18.pdf
https://espace.cern.ch/project-DCDC-new/Shared%20Documents/Report_IRRAD_tests.pdf
https://indico.cern.ch/event/788031/attachments/1794169/2923948/ESE_seminar_Feb19_talk.pdf
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TID effects
.F
accumulation of charge In thexidesof an electronic device
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example: charge buHdp in the
gate oxideof a MOS transistor

yet another particle

particle another particle
! GATE

POLY

charge accumulated in
the gate oxide!

SOURCE

I

DRAIN

I

introduction on radiation effects in electronics and detectors
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n+
gate oxide

p+

lon
f---}
4
------- --’\X
TIOFF —
—— >
Y/
G
VI
38
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defeCtS in théi andlorin :IIIIIIIIIIIIIIIIIIIIIl.llllll.lll- ) _ o . .
et o aharge +ChaTge trapped i 0id f iston o miden s ks e

strained SBi bond
(Oxygen vacancy)

/

/)) e
® e 0 " ®g e

generated

Oinstead of missingO

\

Si

: charge trapped at the interface

dangling bonds

(ready to react with other particles)
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Unit of measure:
A gray(1 Gy= 1 J/Kg; standard uit
A rad(radiation absorbed dose; 1 erg/g)

100 rad= 1Gy=1 J/Kg
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particle accelerators are a ve

challenging environment!

103 104 10° | ”””1'06 ””1'07 | ””'108 10°
TID [rad] "~ 1 Grad!

(in 10 years)
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CERN & CMOS

(detectors)

LHC HL HC > S4
104 E- """"""""""" S ;E """""""" - & N

— —
- -
[\] w

e
-
—_

p—t
-
o
—

?planar MOS ﬁnFET LGAA

CMOS technology node [nm]

tol hm& 1()110
' 3

1980 1990 2000 2010 2020 2030 2040

~ 1% year of commercial production

data from:
https:/iww.tsmc.com/english/dedicatedFoundry/technology/logic/l_3nm
https://irds.ieee.org/editions/2022/morenoore
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technology scaling
(i.e., smaller transistors)

— + speed
—— + density

—— - power consumption

— TID hardness (?)

42



Saks, N. S., et al. IEEE Trans. on Nucl. Sci. 31.6 (1984)2%349
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& o . .
& 102 4 thin oxides are more rauaard!!
©
S | = p
e ] -6
c | g W™ - g
2| 5 B
C_U g. AVgg = tE 7
% @ 109 ///, +0 -
< // .
Sle - t,«IN 65nmM node& 2 nm
0| o -
| ; Iy}
(@) (o}
C .
= 10°2 A =thickness of MOSFETs in 65nm CMOS technology
v o the gate oxide should be extremely rad hard!
10 » 102
1oy (M)

decreasingechnology node
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—4
0 pMO?S 65nrr£ tech. I I I I —@—PreRad
W/L = 120nm/60nm A 100 Mrad
TURCH T eyt S o200 Mrad
B 5 *— 300 Mrad
uaiggge _y—400 Mrad

—0— 500 Mrad
—¢— 700 Mrad
——1 Grad

total current collapse at
high TID!
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Spacersneeded to create the Shallow Trench Isolation (STI)

Lightly Doped Source/Drain useful to isolate adjacent devices
(LDD) extension

Si02
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TID effects in modern CMOS technologies are dominated by
charge trapped In auxiliary thick oxides like STI and spacers!
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STirelated effects spacergelated effects

1. radiationinduced drairto- 1. radiationinducedshort channel
sourceleakageurrent effect (RISCE)

2. radiationinducednarrow
channekffect (RINCE)

halo-enhanced robustness in
shortchannels

o

T. R. Oldham, et. al., "Pdstdiation Effects in Fieldxide Isolation Structures,"liBEE Transactions on Nuclear Scjemd.€34, no. 6, pp. 1184189, Dec. 1987.

M. R.Shaneyfelet. al "Challenges in hardening technologies using shalawh isolation," iIHEEE Transactions on Nuclear Sciemmte45, no. 6, pp. 25&692, Dec. 1998.

A. H. Johnstoret. al "Total Dose Effects in CMOS Trench Isolation RegidEEETransactions on Nuclear Scigdes6, no. 4, pp. 1941949, Aug. 2009.

NadiaRezzaket. ab & ¢ KS & Sy & AMiyARde@ 8R 2fFS INIF IRAS (iA22 y{ ¢ IMicib@eciriicg Rebabilityyglime 814 |18sGed | 2011, PAyesBBOY 3 £ 3

C.-M. Zhang et al., "Characterization and Modeling of GigBiiathduced Drain Leakage Current ofi28 Bulk MOSFETS,'|EEE Transactions on Nuclear Scjent.e56, no. 1, pp. 387, Jan. 2019
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(e.g., static power consumption of a CMOS invebter: ¢ 0 )
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https://home.cern/science/accelerators/futur@rcularcollider
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*https://indico.cern.ch/event/65649 1/contributions/291567 9/attachments/1629768/2601671/20180412_INFANTINO_ST_R2E_overview.pdf

2024/05/14 giulio.borghello@cern.ch | CERNEFEME 51



introduction on radiation effects in electronics and detectors
8th EIROforuntSchool on Instrumentation
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CUMULATIVE
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missing atom wacancy
incident energetic particle
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o e @ & 80 e

Si crystal
atom in the wrong position mterstitial

The disturbance in the crystal lattice periodicity has associated discrete energy levels in the forbidden
energy banehap. These influence generatioecombination processes in the material.

[1]J. RSrout, C. J. Marshall and P. W. Marshall, "Review of displacement damage effects in silicon dexitiesd,tfamsactions on Nuclear Scjeat.e50, no. 3, pp. 65370, June 2008ioi: 10.1109/TNS.2003.813197.
[2] Oldham, Timothy R. "Basic mechanisms of TID and DDD response in MOS and bipolar microeldSiRE@cSHort Coy2ell).
[3]J. RSrourand J. W. Palko, "Displacement Damage Effects in Irradiated Semiconductor De\&E#S Tiinnsactions on Nuclear Scienté0, no. 3, pp. 17417 66, June 20180 10.1109/TNS.2013.2261316.
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DD is problematic mainly for:

A Bipolar transistors

o] Barnaby, Hugh J., et al. "Displacement damage in bipolar junction transistors: Beyond M&maigetEEE Transactions orclar Science 64.1 (2016): 1486
Rax, B. G., A. H. Johnston, ardiJahira "Displacement damage in bipolar linear integrated circuits." IEEE Transactions on Nuclear Science 46.6 (198%). 1660

Particle detectors/image sensors/diodes

Moll, Michael. "Displacement damage in silicon detectors for high energy ph§Eiis. Transactions on Nuclear Sciéhcg (2A8): 15611582.

° I

U MOS transistors are typically immune to DD

Except for power MOSFETSs

o] Faccio, Federico, et al. "TID and displacement damage effects in vertical and lateral power MOSFETSs for intBgamd/Bérs.” 2009 RADECSs. IEEE, 2009.



introduction on radiation effects in electronics and detectors

8th EIROforuntSchool on Instrumentation
-------

.
a®
at®
a®
a®

L
“““

a®
a®
a®

unn?®
------
g ®

RADIATION

EFEECTS IONIZING

NON-IONIZING

TOTAL IONIZING DISPLACEMENT
CUMULATIVE DOSE (TID) DAMAGE
SINGLE EVENT
STOCHASTIC EFFECTS | T

2024/05/14 giulio.borghello@cern.ch | CERNEFEME 55



introduction on radiation effects in electronics and detectors
8th EIROforunSchool on Instrumentation

EXTRA
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https://www.youtube.com/watch?v=bhBf5crp0i8&ab_channel=UncommentatedPannen
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1 MeV neq. Si Fluence
CMS PP Collisions at 6.5 TeV per Beam
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bit caused by a particle

single and multibit-upsets
(SBUMBU)

L

OOOOOO/

O|lO0o|O0|OC|O| O
O|lO0|O0|O|O| O
O|lO0o|O0|O|O| O
O|lOo|lO0|OC|O| O

o|lo|lojo|lo|o
o|lo|lo|lo|lo|o

eoliolNelNe

_{ole|e|e|o|o

2024/05/14 giulio.borghello@cern.ch | CERNEFEME 59



introduction on radiation effects in electronics and detectors
8th EIROforunSchool on Instrumentation

Single Event Effects

/ \

destructive

| |

A Single Event Latdbp

(potentially destructive) _
| ON/OFF power cycling

or replacement if destructive
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TRIPLICATION

(widely used to prevent SEU)
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BIFUPSET = change in the value of a bit caused by a particle

Multi-bit-upset (MBU)
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TRIPLICATION

(widely used to prevent SEU)
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G. Borghello, et alSingle Event Effects characterization of a commercial 28 nm CMOS technology, TWEPP 2023
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TRIPLICATION

(widely used to prevent SEU) .
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physical distance among triplicated
cells reduces the risk of MBU!
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Stefan Biereigelnvestigations on MuHBit Upsets in 65nm CM@&tps://indico.cern.ch/event/959655

most likelyl5>m is an overestimation (sédtps://indico.cern.ch/event/959656

Recent measurements in 28nm showed that ~6um are enough to prevent MBU
(G. Borghello, et alSingle Event Effects characterization of a commercial 28 nm CMOS techiRMBEY 2023).
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V.FerletCavroisL. W. Massengill and ®ouker "Single Event Transients
in Digital CMOSA Review," in IEEE Transactions on Nuclear Science, vol.
60, no. 3, pp. 176I790, June 2018loi: 10.1109/TNS.2013.2255624.
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data latch at clock falling edge
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RD53: triplicated clock tree witskewfor SET filtering

Data
* Data
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’—‘ VOTER p— DFF
Latch clk N =
't o

AT

DFF
Latch CLK ,\ >
Enable
» 2AT
TMR latch without correction TMR with correction

https://indico.cern.ch/event/1038992/contributions/4363708/attachments/2256379/3829070/LHCC_RD53_June2021.pdf

“readout chips for the ATLAS and CMS pixel detector (https://rd53.web.cern.ch/)
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TMR with correction

This hardening techniques
requires the knowledge of
the SEpulse length

typical pulse length ~100ps
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transistors are the building blocks
of any complex integrated circuit

a lot of

. . . work
¢

MOS transistors
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MOS transistors behaves (ideally) like switches
controlled by voltage applied to the gate terminal

V> Vry

If a drainsource voltage (VDS) GATE
Is applied, a souredrain
current starts to flow

POLY
DRAIN SOURCE

gate oxide

p+
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example
MPA(MacroPixelASIC)

ForCMSouter tracker.
~1.5M of MOS transm

Billions of transistors
for each experiment!

Courtesy of Davide Ceresa, CERNe@EME
https://espace.cern.ch/CMBIPA/SitePages/Home.aspx section)
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transistors interconnected by metal lines
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