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Silicon detectors,

the basic stuff...
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What you will possibly learn FAR z=u

1) How to order an almost perfect radiation detector at Amazon.

2) What silicon has to do with it.

3) How a silicon detector works.

2
4) 18 ways to nuke
your detector.
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How to get a detector from Amazon FAR m—=x

What | need to to get a particle oSt an ]
detector? ostly a hammer...

NA61/SHINE Small Acceptance Vertex Detector
Sum of 1000 pictures with ~100 heavy ion collisions.

B Light particles |SENREEE

... a Webcam...
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Sili — WTF... FAR ===
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Silicon as | imagine it. FAR m—=x

A A

ABiau37

States exist and they are empty "
=> Conduction band

Forbidden (band gap)

States exist and they are full — 60 — D O O
=> Valence band
——— &—‘iﬁ’m;}-t}/—\\g_?ﬁ
<€

States/eV/cm?2

If a band is full, electrons can’t gain
energy. Except they jump to the next
band...
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Sili = What? FAR =

© Electron
Hole

Now | can
move

-&onduction band

| am stuck here.
But with a lot of
thermal energy I'll
make it up.

Energy

Valence band
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Doping FAR ==mu

®© Electron
@ Hole
> Conduction band Conduction band
2
L
© © © © O
P-doping N-doping

© © © © ©

Valence band Valence Band
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PN-junction FAR ===

© Electron

@ Hole

> Conduction band Conduction band

@]

= E

Ll F

© © © © O

P-doping N-doping

. |©®©0 0006
Valence band Valence Band
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PN-junction FAR ===

© Electron

@ Hole

> Conduction band Conduction band
@]
= E
Ll F
© © © © O
P-doping N-doping
. |o© 000
Valence band Valence Band

Doping states (electrons/holes) may easily move to conduction/valence band
=> At room temperature Ncparge carriers = Npoping => G00d conduction
Doping defines the fermi energy despite of inpurities in initial silicon
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PN-junction FAR ===

© Electron © Empty donator state
©) Hole © Filled acceptor state

> Conduction band Conduction band
]
1] Er
© © © © ©
P-doping N-doping
. |oe o000
Valence band Valence Band
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PN-junction FAR ===

© Electron © Empty donator state
©) Hole © Filled acceptor state

Conduction band Conduction band

Energy

P-doping @ N-doping
© © © © ©

Valence band Valence Band
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PN-junction

FAR ==mx

© Empty donator state © Electron

© Filled acceptor state © Hole
Conduction band

>
(@)
2
LU
P-doping
Conduction band
© © © © ©
Er E.
© © © © ©
Valence band
N-doping
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PN-Junction
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Energy

FAR m=mx

© Empty donator state © Electron
© Filled acceptor state © Hole

Conduction band

P-doping

@ @ @ O Corg(;l;%tlon
© © E,
Valence band © © ©
| N-doping




PN-junction A\ J—

© Empty donator state © Electron
© Filled acceptor state © Hole

Conduction band

P
S
2
L Locally no majority charge carriers
Inpurity states are also filled
=> Acts mostly like ideal silicon
P-doping
O Conduction
@ @ @ band
Er O © Er
Valence band © © ©
| N-doping
< | Valence Band
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PN-junction

Q ),

Interesting fact: =

Band gap = 1.1 eV

but:
X-rays need 3.6 eV
per electrons.
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Energy

FAR ==mx

© Empty donator state © Electron

© Filled acceptor state © Hole
Conduction bai

P-dopin
i Conduction

@ @ @ . band

Valence band

< Valence Band



PN-junction

Energy

FAR ==x

© Empty donator state © Electron
© Filled acceptor state © Hole

Conduction band

P-dopin
PINg Conduction

@ @ @ band

U,W © @ o |

| N-doping

Valence band

No volt
= |

Generation

age, thermal equilibrium
=|

Recombination
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Some mathematics

Fair GmbH | GSI GmbH Dr

FAR m=mx

© Empty donator state © Electron
© Filled acceptor state © Hole

Conduction band

Energy

P-doping

Conduction
@ @ @ ® band
= © © E,
Valence band ’ @ @ @
- N-doping

Built-in-Voltage
Upi = 227 . In (a2 ) ~ 0.9 V .

€
7

N4 = acceptors/cm?

Valence Band
Np = donators/cm?




pn junction @thermal equilibrium: no bias _l pee | e HH-‘Q == I

neutral region

o— —0
Anode Cathode

=" neutral region

|

p-doped

electrons

Space-charge distribution
n-doped

Charge

carrier concentration
[log scale]
=
AR e ——
i A

ET Electric field

charge density

Y

o

electric field distribution

rT Voltage f ’[_u-g(;g;g'g potential variation with distance
o ' i = V,; : built-in potential
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Note: Potential = -1 * (Electron potential)



Biased pn-diode FAR ==mu

ﬁ p., .n H_‘ - E ~ 10V/um (Si) ’% : Iln ]l|

|
30 I I I* . T I
25} E i I /)
Breakdown Reverse . | Forward
_ : lete
< 151 : Generation current 1 3
E : « Limited by thermal :
Re 10 : ) 2>I<C|tat|cl>|n 4 dark I | Recombination
: =0 cafied dar 4 | current, unlimited
: current or leakage
Sr : current ]
0
<
.‘ 1 |
< -6 -5 1
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Some equations

FAR ==x

il Lot

Width of the depleted zone:

_ 2€0€, 1 1
’UJ—\/ e (NA+ND)UefL‘t

Break down voltage:

Umaz = — 395 (5 + 5 ) B2, Emax ~ 10V/pm

Capacity of the diode:
C=A. %

w

Take away:

The lower the doping, the better the detector.
... the lower the doping, the higher the cost...

Fair GmbH | GSI GmbH Dr. Michael Deveaux



How a silicon detector works

FAR ==u
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>N =N

o

How much charge is produced? Bethe-Bloch equation.

FAR ==x

C | | ]
232, 2 - " .
_ e :Kz2£i l]anecﬁ'mi“_ﬁ_—dw’Y) - u" on Cu i
dzx A3 |2 I2 2 ga
: 100 (— — . |
[ p] g - H ‘ CBM prlmary Radiative ]
dgensty & |/ Anderson- hadrons ]
— ATINATe2MeC2 = 1 cm2 Na = 6.022-1023 2 [l Ziegler ' .
Trmax = 2MeC2B2y2/(1 [Avogardo's number] E —quﬁ' “.:.'!ﬁ i
[ <gollision] re = €%/4neomec? = 2.8 fm & 10 FE% EHC
[Classical electron radius] o F Radiative '~ Radiative E
me = 511 keV i f Minimum  effects (i Tosses :
Charge of inciden & [Nuclear ionization rea SN
Mass of incident particrs @ | losses G B
¢ Without &
Charge number of medium 1 | | : | |
Atomic mass of medium 0.001 0.01 0.1 1 10 100 1000 104 10° 108
Validity: By
Mean excitation energy of medium 05 < By < 500 | l | I I l J I | |
Density correction [transv. extension of electric T M > m, 0.1 1 10 100 | 1 10 100 | |1 10 100 |
[MeVic] [GeV/c] [TeV/c]

Muon momentum

For pedestrians:

« Arelativistic particle with z = 1 creates ~100 e/h pairs per pm trajectory in silicon.
* Increases with z2 for ions.

* Increases by orders of magnitude for "slow" particles.

» Decreases slightly to ~50 e/h pairs for very thin layers (few um).

=> The thicker the more signal.
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Landau Fluctuation FAR m—=x

g N @ )

Well, there is indeed a minor detail:

K‘So | adapt my amplifyer to\

This is the mean value but the A.relatlwstlc particle 80 e/um and | am fine?
charge fluctuates. with z = 1 creates
\§ ~80 e/h per pm

And if it gets more, it was
a slow particle?

&

|
e ) “! /
(A5 /
) A
@

trajectory in silicon,

®)
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Landau Fluctuation

Simulation: 25um thick detector (MVD sensor)
The ﬂUCtuatiOn iS Ca”ed LandaU'ﬂUCtuation: Data : H. Bichsel, Rev. Mod. Phys.,Vol. 60 (1988), No. 3, P-663 699

FAR ==x

_ Landau
« Assymetric to confuse people. i Landau
 Some talk about the mean value. x - = Entries 2000000
L, 6000 — Mean 1437
« Others about the most probable E - 3 RMS 959.2
value (MPW). - >
5000 — < Target:
. . : Q_J Mean value: 1430e
« Some fraction of particles produces - = FWHM: 11588
VERY few charge. Those are missed by 4000 — % v ) e (850.259)
noisy amplifiers. n ~ 7 MR
3000 IS
« Fluctuation is stronger for thinner - S
sensors => Si-trackers are not really for 2000 - =
dE/dx particle identification. / - 2
- Y
1000 — =l
u 9]
0IIII|IIII|III|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
\ 11 f Generated Charge [€]
G- ' )
Ay What should What Bethe-Bloch suggests.
.-«:f‘if'i’LuL R A /‘} worry you.
\‘Q 4
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Principle of particle detection FAR ==

A particle signal appears as current pulse. /

If current pulse exceeds a threshold => particle. A patrticle!

Signal is typically noisy:

* Increase threshold to stay clear from noise. |_| Threshold %‘2
* Decrease threshold to see all particles. | | L
Important numbers: t /

» Signal charge (from Bethe-Bloch etc.)
* Noise (of the electronics) 4@—| I I I

« Threshold (usually user defined)

» Detection efficiency.

volume
« Dark rate/occupancy.
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Digital camera as particle detector — how does it work? FAR =1

+3.3V Reset

L

SIO, SiO,

+3.3V Ti.
_‘__\_1

IOutput

1

+
o+
Reset |—||fw|1 -

M2 Select

1
c M3 | Output
Parasitar

Digital camera: ~1000 photons produce one electron each.
Particle detector: One particle produces ~1000 electrons. N
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How to nuke your detector?
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What means radiation? FAR m—=x

lonising radiation:

* Energy deposited into the electron cloud.
« May ionise atoms and destroy molecules.
« Caused by charged particles and photons.

Measured in Gy = 1 J/kg, kRad=10 Gy

"€6T-06T:(F2TL)SPy 8inieN ., solwels) pue sjelsully ul sbeureq

uoneIPEY-D SPIUNOY JO UOHEIYHUEND, *L00Z ‘OGO P ‘OUD INH ‘| UeuleS

) Non-ionising radiation:

o, ™ * Energy deposited into the crystal lattice
- « Atoms get displaced

3"... » Caused by heavy (fast leptons, hadrons)
:%‘;f; charged and neutral particles

B

‘u

. e
)

t 338
“‘-
(3 |
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Dosimetry for non-ionizing radiation FAR m—=x

Non-ionizing radiation damage is created by:

« Multiple particles types (e.g. p,n, pion, kaon...) 10°
« Electro-magnetic and strong interactions.
« Cross-sections + energy transfer depend on particle and E;,. 10'
=> Dosimetry is non-trivial.
10°
Solution: Non-lonizing-Energy-Loss (NIEL) model: t 10"
O
. 58 2
Assumptions: 10
. L
« Damage depends only on deposited energy. >
* Impinging particles are not stopped/decelerated. 10” E!ec”ons
1ons
y Protons
How to: 10 Neutrons
* Do GEANT simulation. .
« Count particles (type, energy) / cmz2. > 107 ey,
« Normalize by means of suited tables. 10° 1x101x10* 10 10° 10" 10° 10" 10° 10° 10°
E, [MeV]
Normalization standard: 1 MeV reactor neutrons. Data (machine readable) from:

A. Vasilescu and G. Lindstroem, Displacement
damage in silicon, on-line compilation,
http://rd50.web.cern.ch/RD50/NIEL/default.html

=> Dose [J/kg] is expressed in @[n., / cm?].
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Consequences of bulk damage

E
4 &
‘ 0
& = e
/ 740)
V5 TR
VP 0) \T-OJ I[O x[ )
2
C'<) '-+- 0]
g 4 (+/0)
VQr +/C) |“ 0) C|
(0/-) (+/0]
B CC
\ 4
3

Defects create various kinds of defects in the band gap.

« Ease thermal generation of minority charge carriers.
« Ease the recombination of minority charge carriers.

Fair GmbH | GSI GmbH Dr. Michael Deveaux

FAR ==u

700z ‘BunquieH Jo AusiaAuN ‘Qud ‘UelS ‘T 10|d



Radiation induced increase of minority charge carriers FAR =1

Hn i —_ 77—

Leakage current of a photo diode increases with radiation: g T, = 80 °C ]
0.4 _ t,= 8 min _:
Additional leakage current _ 1} e 50pum
I ;:E_, 03T A 25pm 7
Al = a(T) - ® - V — Depleted volume of the diode Z o2} ]
I 0.1 — _
NIEL[n,,/cm?] -

N L N | N
0 2.1015 4.101% 61018 g 1015 1n'e

D, [cm 2

a(T=20°C) ~ 4 x 10~17
Negq * CM

Figure 7.2: Generation current per em 3 as a function of equivalent fluence for epi-25

and epi-50 diodes, measured at ty.

« Holds mostly independent of the doping of the silicon.
« Decreases with time at room temperature (annealing).
« Value for a holds after 80 min at T=60°C, may shrink by small factor with time.

700z ‘BunquieH Jo AusiaAuN ‘Qud ‘UelS ‘T 10|d

Dark current is added to real signal charge:
=> Creates offset + shot noise
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Reduction of minory carriers lifetime

+3.3V

Teff = 1 ms
1

Teff B,
f?,

(not irradiated)

(not irradiated)

Be [10 ]ﬁcmj_,'

/ns]

Neutrons (~ 1 MeV)
Protons (24 MeV /c)
Pions (200 MeV)

4.1+0.1
57402
5.6+0.2

Annealing

Beneficial

G. Kramberger et al., NIM-A 377 (1996) 288

A

¥
¥
¥
¥
¥
¥
¥
¥
M

ek

mRE Ty mt E Ryt m Ry
-
mRE Ty mt E Ryt m Ry

-5-5-5-i-5-5-5-5-5-5-5f%-%f%-%-%-%-%-%-%-
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Reduction of minory carriersg lifetime

Teff = 1 MS (not irradiated) +3.3V

1
(not irradiated) I

Teff
© ,Be,h - @ I

Be [10 mcmj_,."ns]

Neutrons (~ 1 MeV) 4.1+0.1

Protons (24 MeV /c)
Pions (200 MeV)

57402
5.6+0.2

Annealing

Beneficial

G. Kramberger et al., NIM-A 377 (1996) 288 D

M

3
1
a

B g B g g g B g R g g B g T R TR T B g Ty LTt e et e et e et e et

R
A T,
A T,
R
A T,
A T,
R
aSn R ey
Ry E
Ty Ty Ty
A T,
R

Output

Ma ettty

ek

Ma ettty

e

Pl Tl Tl Tl Tl ]

Ma ettty

ek

Ma ettty

FAR ==x

LT Tl Pl T

e e et

Signal amplitude is reduced by bulk damage
Standard solution: Apply electric field, collect charge faster
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Some equations FAR ==mu

Width of the depleted zone: charge
neutral region ' { neutral region
) r ‘l‘ AV —" >
— €EQEr 1 1 T
w — e (NA _|_ ND ) Ueth . A ho 5 e
Break down voltage: 23 pped tdoped
_ 1 eper 1 1 2 e
Umnaz = 2 e (NA _|_ND)Emaac |
()T Charge . @

|
|
I
|
1
1
=

I;'T Electric field

o

Width of depleted zone depends on doping (N,,Np).

= Doping concentration matters. ‘-T ke | / : T AV buitin
Bad: Doping concentration not stable under radiation. — ; i -
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Donator/Acceptor removal FAR m—=x

Two parallel processes:

1) Donator/Acceptor removal: .
« P-doping AND N-doping are destroyed. g
= Initial doping vanishes. =

_ -
] —
2) Acceptor generation: ] —
o 10" &
« P-doping is created (defects act as acceptors) Fontype |4 'ptype” | Zo
H ol ||.|‘ T Y B -10'1_

ol 10 100 100 10

Parametrization (simplified): 12 a2
(simplifiec) O, 1012 cni? ]
Negr = No -exp(—c-¢p) + g - ¢ ‘ Y A Y J
" | . | Initial doping Effective p-doing is
N, - Initial doping: ¢ = NIEL is "removed".  created.

positive of P - doping
negative for N - doping
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What means radiation? FAR m—=x

lonising radiation:

* Energy deposited into the electron cloud.
« May ionise atoms and destroy molecules.
« Caused by charged particles and photons.

Measured in Gy = 1 J/kg, kRad=10 Gy

"€6T-06T:(F2TL)SPy 8inieN ., solwels) pue sjelsully ul sbeureq

uoneIPEY-D SPIUNOY JO UOHEIYHUEND, *L00Z ‘OGO P ‘OUD INH ‘| UeuleS

) Non-ionising radiation:

o, ™ * Energy deposited into the crystal lattice
- « Atoms get displaced

3"... » Caused by heavy (fast leptons, hadrons)
:%‘;f; charged and neutral particles

B

‘u

. e
)

t 338
“‘-
(3 |
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lonizing radiation FAR ==x

Vdd 10" -
] | —=—+2 MVicm .
- —e— -2 MV/cm
0
10 - °
= 1
© 107 -
=
: : 9
Crystal lattice mismatch =
-2
=> Breakable bonds. S 107 5
}LL_
7 107+
GND 10.4'
3 4 567810 20 30 40 5060
t [nm]

Defect states are created dominantly at the surface between Si and SiO,

= Surface damage.

Defects may create thermal currents in analogy to bulk damage.
Charge/fields of defects may manipulate band structure.

=> Negligible for very thin SiO, layers
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Consequence of surface damage FAR m=1I

Transistor, side view
along B Transistor, top view

Intended current flow.
Mostly not affected by radiation for modern CMQOS transistors.

mmm==)  Parasitic current flow.

lonizing radiation manipulates transistors by:
« Threshold shift (modified steering voltages) on transistor gate. _
- Parasitic current paths ]' Both interplay
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Transistor threshold shift by radiation

Example of a linear standard transistor
in 180 nm technology:

« Threshold shift ~40 mV
» Bigger transistor width reduces shift.

More performant solution - Enclosed transistor:

Top view

\

-Voltage shift [mV]

I
9]
|

I
o
1

[ rJ o)) (o
o (9] o an
| I I |

—
(8]
|

10 -

FAR ==x

Total ionizing dose

—m— 10" rad
\ —&— 10°rad
—be— 10 rad

s

D

Transistor width [um]

No thick oxide aside the transistor gate
= Threshold shift mostly eliminated.

Draw back: Bigger size and gate capacity => lower gain.
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Consequence: Diode leakage current FAR m—=x

T
Reset 3.3V T—>

+3.3V IOutput

- =

— e & k8
P-

lonizing radiation may increase the leakage current of MAPS pixel by factor >1000.
= Additional noise.

— Saturation effects.

May be partially compensated by guard rings, e.g. extended thin oxide or P++.

2
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Summary and conclusion FAR ==

Most silicon detectors:

* Rely on a PN-junction (diode), depleted zone forms the active medium.
» Receive 50-100 e/h pairs/um signal charge from Minimum lonizing Particles (e.g. relativistic pion).

» The charge deposit fluctuates strongly: Landau distribution.
« The thicker the depleted zone, the more signal.

1

* The thickness of the zone scales with w ~\/ *Ugept -

Ndoping
=> Most silicon sensor designs aim to increase w.

Non-ionizing radiation:

« Energy deposit into the crystal lattice (atom displacement by massive particles).
« Non trivial dosimetry (NIEL-model).

- Creates leakage currents, reduces signal life-time, changes Ny, -

lonizing radiation

» Describes energy deposit into the electron cloud (atom ionisiation by charged particles).
« Creates conduction channels, leakage currents and transistor threshold shift.
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Lost stories

FAR ==x



Donator/Acceptor removal

Parametrization (simplified):

Negsr = Ny -exp(—c, - @) +g- ¢

N, - Initial doping:

positive of P - doping
negative for N - doping

¢ = NIEL

Observation (in simple terms):

« Highly doped silicon withstands radiation longer.

= Transistors are radiation hard.

= Sensors: Need to optimize doping.
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Acceptor generation

Parametrization (simplified):

|

Negs = Ny -exp(—c, - @) +g- ¢

N, - Initial doping: ¢ = NIEL

positive of P - doping
negative for N - doping

Speed of acceptor generation varies:
* Reduced by oxigen.
» Accelerated by carbon.

FAR ==x

]-0 T [ T [ [ T [
p— A& Carbon-enriched (P503) 7
o - W Standard (P51) arbonate ]
. bonated 600
= O-diffusion 24 hours (P52}
E & L o O-diffusion 48 hours tPii} -
Eu —& O-diffusion 72 hours (P56) 500 ,-g
- - .
NI Standard 100 E
T . M
-'"-'q: fo—
S | 1300 =
Z 4t —
| 5
Oxygenated 1200 =
2& K
' ﬁ*ﬁx Protons
[] . . I . I .
0 1 2 3 4 5

= For LHC standard sensors, oxigen is of advantage.
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Noisy pixels (Random Telegraph Signal)

Leakage current [a.u.]

500

FAR ==x

Output signal of two MAPS pixels

, 2. Niveau 1

Threshold RTS-Pixel

CRLT

T R R R e T

| | 1. Niveau i

Normales Pixel |

0 10000 20000 30000 40000

Time

Random Telegraph Signal in photo diodes is caused by bulk damage.
Creates multiple false positive hit indications => Hot pixel.
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To start: alook into silicon sensors FAR m—=x

Example: MAPS

a2
_‘__\_1

Re§et
+3.3V IOutput
j - =
SIO, \ SiO,
N++ W .

A

u P
-
Reset |—||f|v|1 -T-
_| V2 Select
?_ 5 P+
Output
| M3
— CParasitéir
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Single Event Effects (Latch-up)
CMOS inverter

GND (NOT-gate) Vg
e — IIl""In Vﬂut v'”

g . |

£

a® —H{t

g NPN PNP&

o — R, | - o Nl

i P-epi
Usual state: © thus PNP non conductive

® © thus NPN non conductive

FAR m=u

Burn out on MAPS

Heavy ion impact: @ = @ thus I is injected, NPN amplifies it, NPN conductive.
thus: @ = @ thus I is injected, PNP amplifies it, PNP conductive.

New conductive state is stable unless V, is cut.
No action: Device destroyed by thermal overload.

Heavy ion experiments: Must know X-section. Must install automatic power cycle to LV-system.
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