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Interaction of Particles with Matter



Fl@ Interaction of Particles with Matter

For charged patrticles:

* Inelastic collisions with electrons of the atomic shell
« Soft (Atoms are only excited) Bethe-Bloch Formula

- Hard: (Atoms become ionized) ——> (see following page)

0-Rays (Energy of knocked-out electrons big enough to ionize
further atoms).

» Elastic collisions with nuclei
* Cherenkov-Radiation
* Bremsstrahlung

* Deceleration of charged particles with E>>m over small distance:
Electrons

* Nuclear reactions
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an

ionisation and excitation

Interaction of Particles with Matter

describes Energy loss per distance traveled,
,stopping power*
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Interaction of Particles with Matter
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Fig. 27.1: Stopping power (= (—dE /dx)) for positive muons in copper
as a function of v = p/Me over nine orders of magnitude in momentum

Note units: Here in MeV per path length and density to be more comparable accross materials.
To get to MeV/cm multiply with density p.



Bethe-Bloch Formula: “Derivation”

=

shell electron

Bohr: Simplified classical derivation of energy loss (stopping power) formula. - €M
Consider inelastic collisions with shell electrons ) ‘/T b
Momentum transferred to electron: ) — ”
. . e 2ze M,z

Ap:Ith:ejE dt:—jE dx = e

e T pe T (47e,)b-v with impact parameter b
with Gauss: = = [ EdGt =27 [ E_dx= [E_dx=—"

&, T T 27he,
—>energy transferred Ap? 2 -2p"
AE(b) =" —— (x%)

om  (4me,)’ myb?
—>For N, (electron density) energy transferred for impact parameter interval b, b+db
—dE=AE)N, 27 -db-dx

2 4 bmax 2 4
%dE: 47&226 N, jdb: 471226 N, lnb‘nﬂ
dx (4re,) " mv b (47e,) mv b

bmm min

max mom. transfer Ap =2m_ v, min energy transfer I (binding E)

2 2 dE 4 2 4 2 2
—>b . = L€ : b.. = L€ 2 (using (xx)) — = ﬂzze =N, In eV
(47e,)m,v (4re,)v \| m, 1 dx (4zme,) " m,y I

Contains essential features of Bethe Bloch, which
has been derived using Quantum Mechanics




%Energy Loss in Silicon
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% Energy Loss: Photons

Energy loss, dependent on energy, mainly due to

* photo effect
« compton effect

* pair production
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Solid State Detectors:
Motivation and Introduction



an Solid State Detectors: Motivation

Semiconductors have been used in particle identification for many years.

e ~1950: Discovery that pn-dunctions can be used to detect particles.
—>Semiconductor detectors used for energy measurements (Germanium)

e Since ~ 25 years: Semiconductor detectors for precise position measurements.

Silikon Sensor

e Of special Interest: Discovery of short lived b-and c-mesons, 1-leptons
e life times (0.3-2)x10-12 s>¢t=100-600um
e precise position measurements possible through fine segmentation (10-100um)
—>multiplicities can be kept small (goal:<1%)

¢ Technological advancements in production technology:

e developments for micro electronics (lithographic chip processing)
« Electrons and holes move almost freely in silicon:
—>Fast Readout possible (O(20 ns)): LHC: 25 ns “bunch spacing”

e Generation of 10x more charge carriers compared to typical gases (for the same energy loss)

e Radiation hardness
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R Motivation I

With good resolution structures become visible,

better signal/noise
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Steinbrick: Solid State Detectors

O -

|75 ketd FWHM

1.75 keV

300

60 |20
EMERGY=—heV

12



P Example: DO Event

% DOScan T e =18 x|
File Windows Help x|n x|

File Lights Clips Anims Viewpoints Misc Events
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Example: CMS Event (simulated):
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Example: CMS Event (simulated):
ttH=>bb zoomed in




Example: CMS Event (simulated):
Supersymmetry, high luminosity

Sim tracks from signal Sim tracks with pileup

Rec|ets and RecMET Reconstructed tracks

Steinbriick: Solid State Detectors 16



Real CMS Event: Muons from cosmic

ER rays (for now)
Run 50905 Event 1576, y vs x
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Example: Hybrid Pixel Detector
ER Pilatus (PSI- CH) for X-ray crystallography

Sensor: Si pn-junction
Plxel Sensor H
alm
Pize| Read-out
=hip Elump Bonos

X-rays
3.6eV t_ﬂ create 106 pixels Of
1 eh-pair ~0 2x0 2 >
0.3mm, Pixel Detector (2D) .eXU.c mm

Thaumatin electron density map
(natiirlich vorkommender Siistoff)

C.Brénnimann et al.,
J.Synchr.Rad. 13(2006)120
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Fl@ Solid State Detectors: General Remarks

Generally, Two kids of solid state detectors can be distinguished:
* Photo resistors: Resistance changes with irradiation

* Photo diode: Depleted semiconductor layer with typically large electric field used
as active zone

—>ionization chamber

INCIDENT DETECTOR AMPLIFIER
RADIATION

-
lg
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% Working Principles

Detection volume with electric field
Charge carrier pairs generated via ionization
Charges drift in the electric field

—>external electric signal

_..l tC }.q—
A
y Velocity of charge carriers, v
A : ] .
dqg Rate of induced charges on
DETECTOR AMPLIFIER F electrode

QS
: \ s / Signal charge, often Q~E

DO G Vi |G + %Rg . 0,

s —
Cdet + C.i

Peak voltage ~Q~E
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Materials and their properties



| Properties of materials for particle
ER detection: Wish List

For lonization chambers, in principle any material could be used that allows
for charge collection at a pair of electrodes.

Gas liquid solid
Density low moderate high
Z low moderate moderate
lonization energy &, moderate moderate small
Signal velocity moderate moderate fast

|deal properties:

Low ionization energy

High electric field

in detection volume

—>Larger charge yield dg/dE
—>better energy resolution

AE/E~N-12~(E/g))-1/2~g 1/2
—>fast response

better charge collection efficiency
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% Semiconductors in Periodic Table

[ 0
i - - 2
"ITH | PerIOdIC Table Ma  1va  va via  via [HE
3 4 8 g 10
| [ Be of Elements o ¥ |ne
11 12 16 17 18
ilNa|Mafus wvg vB vE WIE —VI—— B IE 5 |Cl|Ar
T EX E S B
1k |ca Se|Br | Kr
Erl 53 |54
*“|Rb | S5r Te | | He

55 T
E|Cs | Ba At | Bn
CH
| Fr | Ba Ha 106107108 109110
* Lanthanide[38 [52 [60 [or [ee Jez [ea [es [ee [er [68 [69 [0 [+
Saries Ce | Pr | Hd sm|Eu|Gd| Tb|Dy | Ho| Er | Tm | TYb | Lu
+ Actinice an a1 |9z ez [ea (95 |es  |or  [9s [9w oo o1 [0z [os
Series Th|Pa| U
Legend - click to find out more...
H - gas Li - solid Br - liquid
Mon-Metals . Transition Metals Rare Earth Metals Halogens
Alkali Metals Alkzali Earth Metals . Other Metals Inert Elements
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Energy bands and electronic structure



7= Semiconductors: Principle

When atoms are joined to form a crystal lattice, the discrete energy levels are
distorted and form continuous energy bands.

All atoms contribute.

S /
o “oonding st
‘ Empty orbitals 0%
5
g
m P

]
1

Metal : *I.-t Covalent solid
|

Crystal structure of Si, Ge,
diamond: Each atom shares four
electrons with its four neighbors.

Bound states generate filled energy bands.

Anti-bound states generate empty bands.
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% Classification of Conductivity

conduction band

conduction band

conduction band

A _ . AE > beV
empty | AE < 2-3eV
E
valence band valence band valence band
conductor semiconductor insulator

The probability that an electron occupies a certain energy level is given by the
Fermi-Dirac-Distribution:

1 1

fe(E):e(E—EF)/kT+1 and for holes Fi(E)=1- f(E)_ “EVKT

For intrinsic semiconductors (e and h concentration equal): Eg=E /2

Steinbriick: Solid State Detectors 26



Energy [eV]

4

2
|

Conduction

/ \ Band
£ ‘.I\I

\
\
| ___\4
EG
/ \
Valence "\I
Band
[111] 0 [100]

Crystal Momentum

7 Silicon: Properties

sindirect band gap 6 E=1.12 eV
compare to kT = 0.026 eV at room temp. = dark current under control

(indirect: maximum of valence band and minimum of conduction band
at different crystal momenta - E and p can only be conserved if
additional phonons are excited)

« energy per electron-hole pair: 3.6 eV
(rest in phonons, compared to ~30eV for noble gases)

* high density compared to gases: p=2.33g/cm3
« with dE/dx|,,=1.664 MeV/g cm?2:

N=1.664 MeV/g cm2x2.33g/cm3/3.6eV
—~32000 electron-hole pairs in 300um (MIP)

» good mechanical stability - possible to produce
mechanically stable layers of this thickness

* large charge carrier mobility
—> fast charge collection 6 t~10ns
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RADIATION MONIZATION EMERGY {ev]

8

| e
¢
Damand —
4
v ALPHAS | -'-‘-‘ef
0 ELECTRONS
s PHOTONS

I
—

-Cd%

E=(13 .«“::-]El; ri'ﬁuﬁ}l
08 % rffug ) 210V

BaND GaF ENERGT [=V]

AR Semiconductors: General Properties

Ratio Ej,/Egap independant of
 material

* type of radiation

Reason: Fraction of energy going into
phonons (momentum transfer) is
approximately the same for all
semiconductors.
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=

Semiconductors Compared

Property i e (zaAs Diamant
y4 14 32 31/33 6
A 25.1 72.6 144.6 12.0
Band gap [eV] 1.12 (.66 .42 5.5
radiation length X, lem | 0.4 2.3 2.3 8.8
mean energy to generate eh pair ‘ [.|_"- '!,,-'] 3.6 2.9 4.1 ~ 13
mean E-loss dE/dx [MeV /em] 3.9 7.5 7.7 3.8
mean signal produced [r_j';.’.l‘n] 1110 260 173 ~ 5l
intrinsic charge carrier concentration n, [pm—E'] 1.5-1012 | 2.4.10%% | 1.8.10% < 10°
electron mobility [{‘II‘I El,r”il,-'::.] 1500 3900 8500 | 300
| hole mobility [rm 2.;'"\-" F.] 450 1900 400 1200
Si GaAs

« currently best compromise for strip * good ratio generated charge/ noise

detectors
Ge

» small band gap—>high amount of charge
produced —>good for energy measurements

* but: charge collection efficiency strongly
dependent on purity and composition

« radiation hard

Diamond

* high intrinsic charge carrier concentration

« radiation hard, but still quite expensive
—>has to be cooled (liquid N,)

» charge collection length ~ 80um
Steinbriick: Solid State Detectors 29



% Signal Formation in Silicon

» Conduction band really empty only at T=0
conduction band

» Distribution according Fermi-Dirac Statistics A o
« Number of electrons in conduction band at /
_ ¢ Eq,y _
n;, = m.-'li'IFHC - eXp E-_EE?J =1.5 xlOm cim : _

- Ratio of electrons in conduction band 1012
(Silicon ~5x10%2 Atoms/cm?3)

* A volume of intrinsic Si of 1cm x 1cm x 300um
contains ~4.5x108 free charge carriers at RT
compared to only 2.3x10* electron-hole pairs for
a MIP.

—>To detect this signal, the number of free / / 4

charge carriers has to be reduced drastically. o
Possibilities are: 1cm

valence band

* cooling

* pn-junction in reverse bias
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% Interlude: Doping

« Pure silicon has a very high resistance at room temp. (235 kOhm cm)

* Doping: A few silicon atoms can be replaced by atoms of an element of
the 3rd main group (i.e. Boron) ->p type, or of the 5th main group (i.e.
Phosphorus) ->n type.

Extra electron: Extra hole: . . .
easy to remove easytoremove | Typical doping concentration 10-11 !
W W W W
3@@@(:/ 3@@ . V
: - n type: Fermi level in upper half
Dm% Dm% — p type: in lower half
Li Sb P As B T
(—
0.033 g.p39 0,044
Silicon 0045 0.069 Important: Charge
band c
gap | TTTTTTTTTTTmImmmee carriers only
1.1eV

0,04 0.057 0.065 016 222 weakly bound.

B Al Ga In T

Steinbriick: Solid State Detectors 31



The pn junction



% The pn junction

neg. space

-| —
| Vbias
p—type region n—type region
00O _ _ —E+ + 0 H O
000 _ _ _ L+ NONCHS
coo__ _i, ., 80O
0.0

charge 1

O_OQ_' - — i + +'§>Q|.\
depletion zone

O hole

[] electron — acceptor ion  + donor ion

electrons drift towards p-side, holes
towards n-side - buildup of a potential.

POS. space
charge

External voltage in the same direction as generated potential (Diode in

reverse bias)

-> Increase of depletion region (Layer depleted of free charge carriers)

->Outstandingly useful for the detection of ionizing radiation.

Steinbrick: Solid State Detectors
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% The pn Junction in the Band Model

n Elekironen

Donator ".1'-__."+'+ B S e T S
N o SR S ER
ST R S e
'+I+I+'+-.+-+¥+.+.+

Note: Fermi-Level in doped semiconductors not in the center of the forbidden
zone anymore! (Fermi-level: Highest occupied E-level at 0 K)

pn-junction: Fermi-levels adjust ->the conduction band and valence band
distort to compensate >V,

Steinbriick: Solid State Detectors 34



pn-Junction in

=Tk

Forward Bias

IJ/JS Shockley equation
L [ = Iy (T _ 1

5_

FORWARD

1 L 1 I ! L L 1 -
-5 0 5 qV/kT

-4

Eleciron \_
CNRrgy 4 REVERSE

from Sze, Physics of Semiconductor Devices

Y
/: Diode in Forward Bias
|
| .y . .
w9 [ ramsion type * positive potential at p-region
ey mean et
endia polential)

* negative potential an n-region

* The external voltage reduces the
potential barrier.

—>¢electrons from the n-region can cross
the barrier.

Steinbriick: Solid State Detectors 35



7= pn Junction in Reverse Bias

» The external voltage increases the potential barrier

* The depletion zone can be used as detector, since
it contains an electric field (and is depleted of free

charges). Leakage current: Thermal generation of
e h pairs - temperature dependant
4 Potential The width of the depletion region o
p—type increases with the reverse bias ER L
"Z Photon % B: :
\ e~ s T
: $ ©
el -
47
________________ 2loc \/V .
~ —
™~ LBl = 3 3 1 3 s .
n—type 0;
- "o 10 200 300 '4oo'v'r'ta'500'
0 *0 d  Location oreoe I
Break through: I

Detector behaves like a
conductor (charge avalanche)
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The pn-dunction:
Depth of the Depletion layer

Poisson-Equation for the potential U(x) (1-dimensional for simplicity):

U (x) _ = p()

dx’ EE,
with E, =—dU /dx > £ _ P

dx €€ a 0 b

. Asymmetric double layer with
—a<x<
eNp  fiir—a<x<0 Np, N, density of donor- and acceptor
—eN, fiir0<x<b impurities.

'

-]

Assumption: Np>>N, and a<b
Boundary conditions for electric field:

E,.(~a)=0=E,(b)

-

eN
——=L(x+a) fir-a<x<0
1. Integration of Poisson - dU | dx = 220
equation with above boundary eN,

(x—=b) fiirO<x<b

conditions +

\
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Depth of the Depletion Layer |

'

Boundary condition for the potential:
U(—a)=0 und U(b)=-U, <appliedvoltage

2. Integration:

eN,

r

(x+a)>  fir—-a<x<0

EE,
U(x)=-+
N eN ,

| 2¢&g,

(x—b)z—UO fiirO<x<b

Use Npa= N,b and continuity at x=0:

2ee,U
b(a+b)=—"22L

eN ,
For the strongly asymmetric case (N;>>N,) b>>a (b: thickness of p-doped layer)
>d=a+b~b > \/ZggoUO

d =
eN ,
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@

The pn-Junction: electric Field

The highest field strength is then at x=0:

£ (0)= \/ZeNAUO _2U,
E,E d

Steinbrick: Solid State Detectors
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Der pn junction: Overview

Q Acceptor ion
® Donor ion

+ Hole

= Elgctron

)

b)

¢

d)

THE PN JUNCTION
P | N
\é%ééééé” 0 9 0" 0
I

concentrabon __"":
Carrier
density | m—
— | e |
fed *—,\; -
Electric ""'_.,
- :
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doping
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Charge collection : Diffusion and Drift



Motion of charge carriers

EMERGY OF PHOTOM
#,L-'SEG' TO BREAK BOMD

E .____.-[ELECTHG:Q;}_EEFIGIENE'I':'
e
{ X
EXCESS . . )
la’f“;;;“;u"’mm o Motion of holes via successive
HIXE - BURCRONRALR replacement by electrons ->slower!
RESULTANT RESULTANT
BISPLACEMENT DISF'L-ICEMEIHT OF HOLE
0OF EXCESS ELECTRDON ! r,i-!ﬂ'LE

EACESS ELECTRON

MOTION OF
REPLACEMENT
ELECTRONS

(C) RANDOM MOTION OF AN (d) RANDOM MOTION
EXCESS ELECTRON OF A HOLE
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% Drift velocity in Silicon

qT. with 7. =10™* being the average time between collisions

Vy =~ E=—-uyE it irregularities in the crystal lattice due to thermal
My vibrations, impurities and defects.
vy = qd7c E=u E my,m, effective mass of the electrons, holes: Inverse of
P P the 2. derivative of the energy with respect to the
p

momentum at the minimum of the conduction band (e),
and the maximum of the valence band (p), respectively.

108

Only valid for sufficiently small field | A ha ' :
strength. @ : GaAs [[ELECTRONS)
o E T
« >mobility p=1450 cm?/Vs for electrons > 107 g I —
and 450 cm?2/Vs for holes. 3 e S e
™ 1 AT 4
* For larger field strengths: Saturation of - AL AL -
drift velocities. £ 406 | *< A il
- : Qi " e I R = ! EGD:LECTHGME =
» Typical fields in Si with V,;,c=100V, 2 H e e [ oL s
d=300 pm: S = I ‘ E |
s LA LI L L1l
E =100V /300um =3.3x10°V / cm o 0 o° o° 0
d ELECTRIC FIELD (VW/cm)
charge collection time ¢ = ~3—15ns _
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o Diffusion

The diffusion equation is:

F, =—DVn where F, is the flux of the electrons, D the diffusion
constant and Vn the gradient of the charge carrier
concentration. Similar for holes.

When combining drift and diffusion, the current density becomes:
J =qunE+qgD Vn

J,=qu,nE—gD Vp

Where mobility and diffusion constant depend on each other via the Einstein equation:
— kT
Dn g lun

kT
Dp =g Hp
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Energy Resolution



= Energy Resolution: The Fano factor

Energy resolution expressed in “full width at half maximum”

Band gap 1.1 eV in Si, however, 3.6 eV necessary for

creation of eh pair-> Majority of energy into phonons.

Poisson Statistics: o> =N ‘ '
| ISt O N p "
FWHM AN =2.350c M A0oy,

Average number of charge carriers N = E +

{Mittelpunkt)

w
Srolat . JN w
relative Energy resolution R =2351_ =235 ~
N E

I
JE

Poisson Statistics only partially valid. Correction for standard deviation:

o:=FN F: Fano Faktor, F<1, empirical values for Si, Ge 0.12

R=235 "2
E

Steinbrick: Solid State Detectors
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= The Fano factor: Derivation
Energy used for ionization and excitation (phonons)
EO — EionNion + ExNx

Assumption: Gauss Statistics

O-x = VNx Gion = Nion

Fluctuations have to balance each other:

EAN_+E, AN, =0

— FWHM [e——

Averaged over many events, the following has to be true: (Mitlpunikt)
E
Eionaion — Exax - O-i — = '\/Nx -
Eion Ex EO Eion
E_EN Gi:E E_ENion
E,=E_N. +EN_ wmm) N,= ° Em ion - =) ion x x
N. =N = ﬂ where E, is the average energy to produce a

ion 0 E. pair of charge carriers (l.e. 3.6 eV in Si)
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= Derivation Il

—> The variance in the ionization process is

Ex Eo Eion Eo For silicon:
LB L E =0.037¢V, E, =E, =1.1eV,

E, =3.6eV — F =0.08

(measured : = 0.1)

O-ion E

won

Which can be written as:

E, |E (E
O-ion = ) o 1
E [ E ion E ion

1Fano Factor F

N,=—2
Q Ei
and O,,, proportional to the variance of the signal charge Q:

o :,/FNQ

Since
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Limitations of Silicon Detectors:
Radiation Damage




an

Impact of Radiation on Silicon:

e Silicon Atoms can be displaced from their

lattice position

¢ point defects (EM Radiation)

e damage clusters (Nuclear Reactions)

Important in this context:

e NIEL: Non lonizing Energy Loss

e Bulk Effects: Lattice damage:
Generation of vacancies and interstitial atoms

e Surface effects: Generation of charge traps

(Oxides)

Radiation Damage

800

600 |-

-

400

Longitudinal position (A)

200

A, . *
\c‘?_\\‘f,Termmal cluster (detail)

Tarminal
cluster

Terminal

Terminal Cluster

cluster ~_
1

.....

Filling of energy levels in the band gap

->Direct excitation now possible

—>Higher leakage current
—->More noise

-240 120 0 120 240

Transverse position (A)

360

Fig. 55 Development of cluster damage due to a primary
knock-on silicon atom of 50 keV, within the bulk

material.

~>“Charge trapping”, causing lower charge

collection efficiency

Can also contribute to space charge.

—->Higher bias voltage necessary.
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% Radiation Exposure at CMS

Neutronenfluss (>100 keV) nach 5x10° pb (10 Jahre LHC)

20 ¢

100 _—

s |

u}

N N N N N N N N N N N N N N N N 1 N N N N N N s 1 N N s N 1 N
() Al [mr ]irr rrrr 150 RIE 150

44FH15 S0EH4 32E+14 20F+14 1.3E+14 TOEH13 S.0EH13 32E413 20E+13 1.3E+13 7OFE+12 T.0E+13

Tschernobyl ~ 0,5 Gray
naturlich ~ 2,5 mGray Q-1

Unit: Neutrons per cm?
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Increase in leakage current

Consequences of Radiation Damage

Change in depletion voltage

(9,
)
-]
=)

T

1000
500

100

N
S

type inversion

10-15 ' ' MR ' ML | el HRRRE
E . n-type FZ - 7 to 25 KQcm /.E
2 N n-type FZ -7 KQcm "
&0 10} R n-type FZ - 4 KQcm 3
E O n-type FZ - 3 KQcm
O 3[ = ptype EPI - 2 and 4 KQcm
2 107F
-4 v n-type FZ - 780 Qcm |
> 10 O n-type FZ - 410 Qcm _
=~ n-type FZ - 130 Qcm
3 1071 n-type FZ - 110 Qcm
i e n-type CZ- 140 Qcm ]
I o p-type EPI- 380 Qcm ]
10-6 T HHMIIZI HHMI13. HHMI14. BETE
10 10 10 5 10 10
P, [em™]
Decrease in charge collection
efficiency due to charge trapping
I-\:-I-
1444, tt, > Charge
c = al] t trapping
. - | ¥ [ in defects
;'T; ) ‘*I_!II'
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p - type

Ugep [V] (d =300um)

1
107!

B T

Counter measures

107

| Neffl [ 1011 Cm_3 ]

[S—
<

—
)
[=]

—

» Geometrical: develop sensors that can

__withstand higher depletion voltages

« Environment: sensor cooling (~-10 C)

» Slowing down of “reverse annealing”

* lower leakage currents
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Silicon Detectors:
Design and Larger
Systems
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% Production of Silicon-Monocrystals

PR Poly-silicon

i =y
l_i‘.' .k ~.-, = e

F T
L =
¥ s

ﬂ*

Si-mono crystal

General procedure:

* Production of highly
pure poly-silicon from
silica sand

» Drawing of a mono-
crystalline Si-rod

» Making of Silicon
disks from the crystal

Polished disks of various radii

Disks in rack e —

for storage al T
- Electronic o \M

components
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% Production of Si-Monocrystals |

Three different methods. Most important standard method:

Czochralski process

» Growing of a Si-
monocrystal from molten
Silicon (2-250 mm/h)

 Orientation determined
by seed crystal

 Doping applied directly.
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% Production of Si-Monocrystals Il

Float-zone process: crucible-free method: Inductive melting of a
poly-silicon rod

n\ : = .
i " ht generator
apsada *For the production of
highly-pure silicon
S Induction e Ori i
poly-silicon coil Orientation

ST AT

determined by seed
crystal

} diels .I. P

Vacuum or
inert gas

melting zone
LLNE I 8§

"~ mono crystal

,_J ~ seed crystal

j T % motor

Steinbriick: Solid State Detectors 56



U+| Production of Si-Monocrystals Il

Epitaxy:
* Precipitation of atomic Silicon layers from a gaseous phase at high temperatures (950-1150 C)
 Possible to Produce extremely pure layers on lower quality silicon substrate

- Epitaxial layer assumes crystal structure of the substrate
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% Production Process: Sensors

|  a-si S Cleaning and polishing of the wafer

[ OXIDE PASSIVATION Oxidation at 1000 C—> passivation

OPENING OF WINDOWS Application of photo sensitive polymer,
EoEE 1 | heating, UV light through mask
DOPING BY ION IMPLATATION : : . . :
. ey i Creation of pn junction by implantation/
'I' f,uf l' T‘ As : 30keV 5x10" em? diffusion
S S Heating: implanted ions incorporated into
= ANNEALING AT600°C, 30MIN  |attice
O+ AL
AL METALLIZATION Aluminization of surfaces
ﬁ AL PATTERNING AT THE FRONT Photolithographic processing of metal strips
= AL - REAR CONTACT for contacts
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% Strip Detectors

Segmentation by implanting of strips with
opposite doping. J )

Voltage needs to be high enough to |
completely deplete the high resistivity - R .
silicon. CMS: ~100 V \l oo oiie o oa

o

e

Readout typically via

s — - : Back side
: capacitive coupling. |
\:\IIP Q—EJ n
S i Fo o= | S
strip  —— = © e hOIQS 2 DCpad : :
pitch P . .\ @ 3 polyresistor === ;
L elecn‘ons. .\?\. 4 bond wire to readout .
) 5 biasring (ground) 00000 0 mmmmmmmme———TTTTT O TTTES -
| . 8 6 guard ring j
bias voltage V' _ (> 0) RN 7 insulating layer TH '
e n-Type silicon easier to
Schematic view of CMS Si-Sensor. produce.

Figure 2.8: Schematic structure of a CMS silicon microstrip sensor.
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Fl@ Single Sided Strip Readout

readout

electronics
metallization (Al) { r

p+ readout
strips

300 um

n-Silizium

lonizing particle

Reverse
L bias voltage

1

n+ silicon

metallization (Al)

p+ readout:
« direct collection of holes

* both holes and electrons contribute to

current due to induction
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% Double Sided Strip Readout

25um 25um

g
- .

¥

p+ cathode (ground)
hﬁi
substrate | AAAAAAAAAAAA
300 pm M E
— WV
n+ anode (50 V)
Sity 1
Sum - LT~ L

Making use of the drift electrons:

2nd coordinate without additional material.

S

teinbrick: Solid State Detectors
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%trip Detectors: Spatial Resolution

Digital readout: Moo
Resolution given by
P
o, =——:
X \/E
pl2 _ LI L
: = - 1p'/4 p oy

Resolution =x—x = 2 p - g D = \/E TRANSVERSE DIFFUSION
| | | |
I | | I
I | I
I | | I

Analog readout: | | | |
I | | I

Improved resolution o<<p possible using center-of-gravity of | | a | N |

charge distribution 15 -10 -5 5 10 15 [um]

Resolution limited by transverse diffusion of charge carriers

Typical values for Silicon: 6~5-10 um

Typical pitch p=25-150 um

F’ARTICL“E TRACK
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Silicon Detectors:
Larger Systems

Steinbrick: Solid State Detectors
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History of Silicon Detectors

- I I I I CMS I 5 l—/
100 1980 NAl =
E 1981 NAIl1 3
- 1982 NA14 ]
- 1990 Mark II .
10 & 1990 DELPHI -
_ 2 1991 ALEPH E
o ]
;‘5 1 O =
c - O =
S - N
AT o 1991 OPAL l
0.1¢ 1992 CDF E
experiment| nb. of nb. of | silicon - © iggg IéiEO I .
detectors | channels |area [m?] — 1999 BABAR |
CMS 15.95k | 10x 10° 223 0.01 E 2001 CDF-II 5
ATLAS 16.02k |6.15x 10° 60 : 2006 ATLAS E
ANS 2 2.3k 196k 6.5 - 2006 CMS .
DO?2 793 k 4.7 i i
CDF SvX I 720 405 k 1.9 0.001 =_| l l l l l H
ﬁba r;' a4 1 9Alé)kk 8 ?18 1980 1985 1990 1995 2000 2005 201
ep . .
13 % 36 K 0.23 Year of operation




% Examples: Detectors (CMS)
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% Example: The CMS Silicon Tracker

Diameter 2.4m

Length 5.4m
Volume 24.4m°

Running temperature -1 {}DC
Dry atmosphere for 10 years

silicon-only
solution

‘g’ P P
= iy

=i
=
ootk

. i

| N —— —— W]  Silicon strip detector
!.'. | | | _
%4’*35 : — ‘ ; o

Pixel detector

Largest Silicon Tracker built so far: 220 m? Si!
3 Layers of pixels
10 layers of strip sensors (barrel)

9 endcap wheels

25K strip sensors, 75k readout chips, almost 10M
readout channels —>industrial production necessary.
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% CMS Module Production

e

Si modules are precisely glued using a
robot (gantry). Tolerances few ym!
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The CMS Inner Barrel Detector under
&7 Construction
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o Insertion of the CMS Tracker

F [
e |

: il
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——
S

E
= A 5

T

Inse

rtion of one

f the Endcap Silicon Detectors

AN
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% Special Detectors: CMS Silicon Pixel Detector

» Segmentation in both directions - Matrix
» Readout electronics with identical geometry Flip-Chip Technigue

« Contacts using “bump bonding” technique

* Using soft material (indium, gold)
» Complex readout architecture
* real 2D hits

—use in LHC experiments
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%he CMS Pixel Detector I

* The inner layers feature:
* high multiplicity
 good spatial resolution needed (vertex finding)

- Pixel good.

3 layers

Steinbrick: Solid State Detectors
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% The CMS-Pixel Detector Il

@ B-Field (4T)

tdepleted E>0

. undepleted E~0

nt pixel implants

silicon

(n-type)

I\ holes

AW

Pixels 150x150 um

Each pixel is bump-bonded to a

readout pixel carriers in magnetic field.

ionizing|particle track

v pT implant (-300V)

Making use of the large Lorentz-angle for electrons
(barrel). Lorentz-angle: drift angle for charge

—>Charge spreads over several pixel.

—>Spatial resolution 10, 15 umin ¢, z
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The CMS-Pixel Detector:
£% Installation of Barrel Detector
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% The CMS-Pixel Detector: Barrel Installed
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Other Technologies
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% Charged Coupled Devices

av 1Y 2y 2V 2V 1ovz2ov 2V

__nr!:uj—n. r-::il-..:;';il-=I Mﬂ%ﬂ—ﬂ%

—.
e —

] ==,
= S
Potenitial

Weall just created

well

collecuion

vertical

shift

el
shalt

worizonial
shitlt

R

g e M M
2V 10V 10V 2V 2V 10-2V10V 2V l
e e e e === 5. M
Well c!ﬂaﬁsi:’!g e

CCD principle of operation “s, ,_f-:”-ﬁ
-“analog shift register” S
- many pixels — small no. read channels ~ =
- excellent noise performance (few e), but N
small charge .
- small pixel size (e.g. 22x22 pm?) 99,

- slow (many ms) readout time

- sensitive during read-out

- radiation sensitive

- used at SLC - best vertex detector so far
with 3x108 pixels !!!

' *

Z° > bb

I IZ Frd visr of & duoer with § Mcansreoid asm o pps O — 8
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Charged Coupled Devices: Examples

an

XMM-Newton satellite

Fully depleted CCD (based on drift chamber principle) - astronomy XXM-Newton

MPE-XMM-LCD
., = Version 01 g, ,

| Ca XVIIXIX

Intensity

Fe xxi-xxv
A

| \"A\m

i
! |
VL

Energy [keV] MPE Garching

L. Striider, TEEE-Nucl. Sci. Symposium (Rome 2004)
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% Si Drift Chambers

] oM
it l:llllwl.lr ﬂ_l.!l
- T
]
e T e e | P ST — i

‘%ﬁ A1 BORLLTIEN
: - EW P [ENRTE

* Principle: anode position + drift time give 2 coordinates

» Capacitance relatively small (noise)

FPOTEMTIAL {'W]

» Resolution ~10um for 5-10 cm drift length
» dE/dx (STAR heavy ion)

» Drift velocity has to be well known

Y  imkrsng)

—~>Need to reduce trapping

» Problems with radiation damage
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Monolytic Pixel Detectors

_ﬁ - technology in development — with many
Idea: radiation detector + amplifying + interesting results already achieved
logic circuitry on single Si-wafer example: MIMOSA (built by IReS-
- dream! 1st realisation already in 1992 Strasbourg; tests at DESY + UNIHH)
- difficult : Det. Si != electronics Si 3.5 cm?2 produced by AMS (0.6mm)
- strong push from ILC & minimum 14 mm epi-layer, (17mm)? pixels
thickness, size of pixels and power ! 4 matrices of 5122 pixels

10 MHz read-out (= 50ms)

- so far no large scale application in :
120 mm thick

research (yet), but already used in
beam telescope at CERN

CMOS Active Pixels
(used in commercial CMOS cameras)
Principle:

= e g

et

15 pm

’Suhstrute (P t_rpe}

1 collecting
Porkicl node
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Readout Electronics/
Noise

Steinbrick: Solid State Detectors
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% Readout Electronics: Simplified

DETECTOR AMPLIFIER Shaper

@ e Cde!

Often charge sensitive amplifer: Integration of current to measure total charge

"‘I tn: |_‘_ If 7’-readout << Ri ) (CDet + Cz)

N peak voltage at amplifier input :
VELOCITY OF v .
CHARGE CARRIERS t:: v = QS _ Ilsdt _ QS

A " C C CDet + Ci
RATE OF INDUCED dag
CHARGE ON SENSOR dt T
ELECTRODES >

t
— Qs Voltage depends on total capacitance at input!

SIGNAL CHARGE Qg

-

t
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% Readout Electronics: Noise Simplified

The peak amplifier signal voltage V; is inversely proportional to the total capacitance at the
input of the ampilifier, i,e. the sum of

* detector capacitance
* input capacitance of the amplifier

* any stray capacitances

Assume an amplifier with noise voltage v,at the input. Then the Signal/Noise is given by
S Vg 1

—_—

N v C

n

This result in general applies to systems that measure signal charge.

—>smaller features are advantageous with respect to noise: Pixel.
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Tracks
Momentum Measurement
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F Momentum Measurement of Particles
Ex

Deflection of particles in magnetic field:
r = p/0.3 B (r[m], B[T],p[GeV])
Measurement of r >measurement of p

Side effect: low energy particles never reach the
outer layers of the tracker or the calorimeter

Deflection in solenoid field

Deflection in torroid field

T T
15m 20m




'

Momentum Measurement i

dp, O.p, \/720

o 2
p, 03BL \N+4
p o
Measurement error small if: S Pt
B large
COIL

* many measurement points

L large (large tracking volume)

Ji_28d4

CMS: 17 layers, 4T B field, resolution 100um/(12)"2, L=1.1 m

> %: 1.2% at 100 GeV and 12% at 1 TeV

Including multiple scattering: 1.5% / 15%



% Track Fitting

General: Two steps

- pattern recognition Multiple scattering!

* track fit

Chi sq Fit (global method)

n (£ —Ea)) ¢ Is the it measured coordinate
¥t = Z(—] E(i,a) is the expected it" coordinate
i=I O with helix parameter vector a

Minimization of X >a.

Solution via matrix inversion. If o, independent of each other, t~n
Including multiple scattering:o; depend on each other, additional (non-
diagonal) matrix, taking multiple scattering into account-> t ~n3.

See f.e. book by Rainer Mankel



FI Track Fitting II: Kalman Filter
el

Kalman Filter:

* local, iterative method

« from outside inwards

« initial assumption for track parameter + error (covariance matrix)
* propagation of track to next layer

» calculation of new track parameters using hits + errors and track + errors
(including multiple scattering)

* propagation to next layer, etc.

*{~n
« combined pattern recognition and track fit

 can be used same algorithm to reconstruct tracks in several
sub-detectors (i.e. tracking chambers, muon system)

« can be nicely implemented in object oriented software
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 Solid state detectors play a central role in modern high energy and photon physics

» Used in tracking detectors for position and momentum measurements of charged
particles and for reconstruction of vertices (specially pixel detectors)

By far the most important semiconductor: Silicon, indirect band gap 1.1 eV, however:
3.6 eV necessary to form eh pair

» Advantages Si: large yield in generated charge carriers, fine segmentation, radiation
tolerant, mechanically stable, ...

» Working principle (general) diode in reverse bias (pn junction)

 Important: S/N has to be good. Noise ~1/C for systems that measure signal charge
—>smaller feature sizes are good. Pixel!

« Radiation damage influences the material properties of the Si:
vacancies and interstitial atoms > new energy levels in the band gap
—> direct excitation possible = Increase in leakage current

trapping = reduction in charge collection efficiency

» Most track finding and fitting algorithms minimize 2 of tracks, Kalman filter commonly
used
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