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Lecture 1

Particle detection and
Fundamentals of Semiconductor Detectors
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Introduction INFN

Particle physics, ‘born’ with the discovery of radioactivity and the electron at the
end of the 19™ century, has become ‘Big Science’ during the last 100 years.

A large variety of instruments and techniques have been (and are) developed for
studying the world of particles.

Imaging devices like the cloud chamber, emulsion and the bubble chamber took
photographs of the particle tracks.

Logic devices like the Geiger Miiller counter, the scintillator or the Cerenkov
detector were (and are) widely used.

Through the electronic revolution and the development of new detectors, both
traditions merged into the ‘electronics image’ in the 19701es.

Particle detectors with up to millions of readout channels are currently operated.
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Electro-Magnetic Interaction of Particles with Matter INEN

Various aspects of the penetration of charged particles in matter have occupied the
thoughts of some of the finest physicists of the last century.

E.g. Thomson 1903, Rutherford 1911, Bohr 1913, 1915, 1948, Bethe 1930, 1932,
Mott, 1931, Bloch 1933, Fermi 1940, Landau 1944

In the first half of the 20thcentury, the energy loss of the charged particles and the
related stopping power of materials was the prime issue.

Nowadays, the actual amount of scintillation light and/or charge produced by the
passing particle, and the fluctuations of these quantities, are the important quantity
because these are the quantities producing the signals in particle detectors and their
fluctuations are responsible for the resolution limits of the detectors.

In the following, we will briefly review the basic mechanisms that are responsible
for the creation of excitation and ionization.
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A historical example INEN
(e
outer &
. LU e D
“The oldest particle (photon) detector” optic

built many billion times

* Good spatial resolution

* Very large dynamic range (1:100) 4 4 1e fomBoyeos & Dowting 1969

Automatic threshold adaptation

retina

* Energy (wavelength) discrimination
* Modest sensitivity

500 to 900 photons must arrive at the eye every second for our brain to register a
conscious signal

* Modest speed
Data taking rate ~10Hz (incl. processing)
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Some important definitions and units -

INFN
(e
E*=p°c’ +mc’ v 1
p=— (0sp<1) y=G—= (sy<=)
- energy E: measure in eV ¢ VI-6
- momentum p:  measure in eV/c 2 pc
. mass m,. measure in eV/c? E=myyc”  p=myyfc p= E

1 eV is a tiny portion of energy: 1 eV = 1.6-10-19 J

Mpee = 19 = 5.8:10%2 eV/c?
% Vpoo= 1M/s — E,,, = 103 J = 6.25-10'5 eV

E,c = 14-10'2 eV (two colliding proton)

To be fair with LHC...
Total stored beam energy: E,,,, = 10" protons - 7:10'2eV = 7-10%6 eV = 1-108 J

this corresponds to a Myyer = 100 T

Viruok = 120 km/h

V747 = 255 km/h

Stored energy in LHC magnets ~ 1 GJ
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Introduction INEN

 Idealistic views of an elementary particle reaction

Qo

et+e” =272 —>qq

( + hadronization)

time

v

Usually we can not ‘see’ the reaction itself, but only the end products of the reaction

In order to reconstruct the reaction mechanism and the properties of the involved
particles, we want the maximum information about the end products!
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Introduction INEN

Higgs production....in the macroscopic world

time
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Introduction -

* The ‘ideal’ particle detector should provide
coverage of full solid angle e'e’, ep, PP, PP, PA, AA

no cracks, fine segmentation

measurement of momentum and/or energy

detect, track and identify all particles — — '\‘\%‘ ) P

mass, charge

fast response

no dead time

practical limitations * charged particles

technology, space, budget end products {  neutral particles
, ’ e photons

e Particles are detected via their interaction with matter

* Many different physical principles are involved, mainly of electromagnetic nature

Finally we will always observe ionization and/or excitation of matter
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Introduction

INFN
Baryon Summary Table Meson Summary Table L/di o
R s Leptons
(H/'\H!‘:’th‘ S LP}(T\HG& . e
e ‘u
T
A(1930) 5; ! — :f" ¢ Ve
There are hundreds of particles ... . V“
T
however most of them are so short-lived that we’ll never see them
directly in our detectors.
Gauge
Track length: I, = vt = cPyT, with T, being the lifetime at rest. bosons
: ° v
Only if I, (at GeV scale) 2 1 mm, we have a chancerto measure them| . WH-
A(2020) L’E B -wu‘.t-r:':‘ (3" ) r..,?.,:tiifH[ ”,Ii‘ « T(35) 0—(1— ") . Z
fris j.; ° g
Which are left then? These 8 particles (and their antiparticles):
Y p n et u= Tt K* Ko (Ks/K))
T, oo oo oo oo 2.2us 26 ns 12 ns 89 ps/51ns
lrack (p=1Gev) | °° oo oo o | 6.1km | 55m 6.4 m 5cm/27.5m
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Basic Concept of HEP Detectors f N{,}

(e

* Detectors are designed to be able to distinguish between the different types of
object (e*,y,u*,hadrons)

= Many HEP detectors have an onion like structure:

Heavy materials
eg. Iron or Copper +
active media

Tracking Electromagnetic Hadron Muon
chamber calorimeter calorimeter chamber

photons hadrons (h)
et
—_
muons
—
+
=, p
—_— e.m. calo
:
_p _Q

u detectors

Innermost Layer... ...Qutermost Layer
el > el High Z materials

eg. lead tungstate
Lightweight Zone in which only crystals
materials v and p remain

ESHEP 2015 Silicon Detectors, V. Manzari 13



The CMS Detector INEN

u

6.920 m

Pixel detector 5.635 m
4.645m

Si Tracker 3850 m

\ 2.950 m

EM calorimeter [

\= n s 2.864

~ 1840

Hadron calorimeter mmds bl s = 1.320 p,

1]

Solenoid coil (4T)

Magnet return yoke !

0
X

Muon chambers Towards
Center of LHC

CMS-TS-00079

Muon

Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon

Tracker

: /// G
) Electromagnetic // /) / / /) /
i )I“ Calorimeter //////
Hadron / Superconducting
Calorimeter Solenoid
Iron return yoke interspersed
Transverse slice with Muon chambers

through CMS

D.Bamey, CERN, Febricauy 2008
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CMS Event Display

3D Tower

The exceptional performance of the Tracker can be seen in this event display that shows
78 reconstructed vertices in one beam crossing, obtained from a special high-pileup run
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The ALICE Detector -

ACORDE

[Absorber]

Tracking
Chambers

Dipole
" Magnet

—

EMCal
TOF]
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nucleon pair: thousand of tracks are produced and recorded

ALICE Event Display
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ALICE Event Display

/ Istituto Nazionale
di Fisica Nucleare

A Pb-Pb collision at a centre-of-mass energy of 2.76 TeV per nucleon
pair with muon tracks in the forward muon spectrometer
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Interaction of particles with matter INFN

Every effect of particles or radiation can be used as a working principle for a
particle detector.

Precise knowledge of the processes leading to signals in particle detectors is
necessary.

The detectors are nowadays working close to the limits of theoretically achievable
measurement accuracy — even in large systems

Different type of interactions for charged and neutral particles

Difference “scale” of processes for electromagnetic and strong Interactions
* Detection of y-rays (Photo/Compton effect, pair production)
* Detection of neutrons (strong interaction)
* Detection of charged particles

* Ionization, Bremsstrahlung, Cherenkov, Transition Radiation

ESHEP 2015 Silicon Detectors, V. Manzari 19



Detection of Charged Particles INFN

» Ultimately all detectors end up detecting charged particles:
— Photons are detected via electrons produced through:
* Photoelectric effect
* Compton effect
* e"e pair production (dominates for E>5GeV)

— Neutrons are detected through transfer of energy to charged particles in the

detector medium (shower of secondary hadrons)

* Charged particles are detected via electromagnetic interaction with electrons
or nuclei in the detector material:

— Elastic scattering from nucle1 — change of direction

— Inelastic collisions with atomic electrons — energy loss

ESHEP 2015 Silicon Detectors, V. Manzari 20



EM Interaction of charged particles with Matter

Z, electrons, q=-¢,

M, =2, e,
e ()
\
/;1 \\
/,, \\
” Interaction with the

atomic nucleus.
The incoming particle is

Interaction with the
atomic electrons.
The incoming particle
loses energy and the
atoms are excited or
ionized

multiple scattering of the

this scattering a

Bremsstrahlung photon can

be emitted.

deflected (scattered) causing

particle in the material. During

If the particle’s velocity is larger than
the velocity of light in the medium, the
resulting EM shockwave manifests itself as
Cherenkov Radiation.

When the particle crosses the boundary
between two media, there is a probability
of the order of 1% to produce an X-ray
photon, called Transition Radiation.

ESHEP 2015
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Interaction of charged particles )

INFN
(e
* Elastic Scattering
An incoming particle with charge z interacts elastically with z
a target of nuclear charge Z.
The cross-section for this e.m. process is 7
d T
o) o M, C
—(0)=42Zr, | —
dQ( ) ( Bp ) sin’ 0 /2 Rutherford formula
a’cy 4
d<2
* Approximation
Non-relativistic
No spins
* Average scattering angle <(9> =0 5

e Cross-section for 6 — hfinite!

Scattering does not lead to significant energy loss because nuclei are heavy

ESHEP 2015 Silicon Detectors, V. Manzari 22



Interaction of charged particles )

In a sufficiently thick material layer a particle will undergo

Multiple (Elastic) Scattering

The final displacement and direction are the result of
many independent random scatterings

Central Iimit theorem

Gaussian distribution P A

1

o 6RMS

30=6RMS = <‘9 _\/5 space

plane

4
S
Q
[\
~—
I

Approximation g, 1L

P\ X,

p = momentum of the particle
L= thickness of the traversed material
X, = radiation length of the medium

ESHEP 2015 Silicon Detectors, V. Manzari 23



Interaction of charged particles )

Detection of charged particles

* Particles can only be detected 1f they deposit energy in matter
How do they lose energy in matter?

Discrete collisions with the atomic electrons of the absorber material

e . c
<dE>=-f NE Y1 do (w=27.zf=27r'—)
dx 0 dE A

N =electron density

If #iw, hk are in the right range = 1onization

Collisions with nuclei are not important (m_<<my,) for energy loss

ESHEP 2015 Silicon Detectors, V. Manzari 24



Interaction of charged particles )

INFN
(e
A . . dE . .
» Average differential energy loss % ... making Bethe-Bloch plausible
* Energy loss at a single encounter with an electron
i . ze’ 2b
-------------- - F.=— At=— Ap, =F At
C b2 V e C
o
o M AE (Ape )2 2z°e 2r'mc’z" 1
YA~ > . = = — .
R o > 2m,  bv'm, b’ B
2
Introduced classical p = €
electron radius “ mc?
* How many encounters are there? ¢

: L : Z
* Should be proportional to electron density in medium ' N, « ZN P

* The real Bethe-Bloch formula
)

2 2 pn2
dE = —4JrNArezmeczz2 Z 1 Llin 2mcy"p Tmax _ /52 -
dx Ap*|? I? 2
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Interaction of charged particles

Energy loss by ionization only = Bethe-Bloch formula

dE/dx in [MeV g cm?]

Strictly valid for “heavy”

particles (m=m,,) only.

For electrons, use
Berger Seltzer formula

dE/dx depends only on 3,

independent of m

First approximation:
medium simply
characterized by Z/4 ~
electron density

“kinematical term”

dE Z 1 2m, c?
— )= —4.777NAI"e2m i > él 2 /3 Tmax _/3 i
dx A B !
10~
8t
N 6F- Z/A=1
g 5 E— VVVVV 113 H ”
:n A3 - Fermi plateau
X ]
I 1 Z/A~0.5
3 2 :
L
} %\<dE>mln/52}’2
%). e \ao 100 1000 10000
<dE> 1 By = p/Mc “relativistic rise”
dx /)72 BY ~ 3_4

minimum ionizing particles, MIPs

eare

ESHEP 2015
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Interaction of charged particles )

* Bethe-Bloch formula cont’d

2 .2 pn2
<d—E> = —4JrNAr62mec222 z 1 %ln 2mcy"p Tmax _ /32
dx A /32 12 2

* Relativistic rise -'In y? term - attributed to relativistic expansion of transverse E-field —
— contributions from more distant collisions

* Relativistic rise cancelled at high y by “density effect”, polarization of medium screens
more distant atoms. Parameterized by.aterial dependent) — Fermi plateau

1N

* Formula takes into account energy transfers iy

-

a) Argon .
6 cms S T 3
1 atm.

[<dE<T™ [=~IZ with I, =10eV

1.4

I: mean ionization potential, measured wr

(fitted) for each element 12

solid line: Allison and Cobb, 1980
dashed line: Sternheimer (1954)
data from 1978 (Lehraus et al.)

Relative ionisation

14+

1.0 Ladasl Lo el L

Measured and % B 100 1000 10000
calculated dE/dx Pluc
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Interaction of charged particles )

* Real detector (limited granularity) can not measure <dE/dx>
It measures the energy AE deposited in a layer of finite thickness 6x

 For thin layers or low density materials
AEmost probable <AE>

Few collisions, some with high energy transfer p

e-
Mectron

Energy loss distributions show large fluctuations towards ,
high losses: ”Landau tails” » >

Example: Si sensor 300 um thick — AE ~82keV  <AE>~115keV

most probable

AE,  ~<AE>
* For thick layers and high density materials ! S

Many collisions

Central Limit Theorem — Gaussian shaped distributions

¢ oL S \/\\
/| — TR : AE

—
1

—

ESHEP 2015 Silicon Detectors, V. Manzari
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Detector resolution — some general observations )

* Energy deposition in detectors happens in small discrete and independent steps.

* Even 1n the case of a well defined and constant amount of energy deposited in a detector,
the achievable resolution in terms of energy, spatial coordinates or time is constrained by
the statistical fluctuations in the number of charge carriers (electron-hole pairs, electron-
ion pairs, scintillation photons) produced in the detector.

* In most cases, the number of charge carriers n_ 1s well described by a Poisson distribution
with mean p = <n >

‘Llnce_‘u
P(n,u)=

R P(n,,u) o 0

0.18

0.16

0.14 A
* The variance of the Poisson distribution 0.12 4
. . 0.1

is equal to its mean value.

Poisson distribution —
foru=25.0 —

0.08 1
0.06

oy =(n})=(n)=(n)=pu o

g = /ﬂ Standard deViatiOIl 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 ’;5

Cc
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Detector resolution

* For large p values (> 10), as it is the case for silicon detectors, the Poisson
distribution becomes reasonably well approximated by the symmetric and

continuous Gauss distribution

G(n,.,u) = ﬁexp{—u)

20°
with o =/ u

FWHM 1s often used to characterize
the detector resolution

1
exp(— 20° 2
— n —-u=+-2In0.5-0
C M

FWHM =2(n, - u) =2.350

W

|
0.14 ¥

[ [ ] ]

s ——Poisson

0.12

—— Gauss

0.1

|
]
|
0.08 O

AN

0.06

0.04

0.02

N

AEEER
7T Fivia

/% I~

0 2 4 6 8 10 12 14 16 18 20 22 24

n

C

ESHEP 2015

The energy resolution of many detectors is found
to scale like

o [ln ) = %OEOC\/?=1

Often, also time and spatial resolution o, 1

improve with increasing <n >

xX,t \/;

Silicon Detectors, V. Manzari
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Momentum measurement

B ®

B=0 B>0 B>0
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Momentum measurement -,

* We measure only p-component transverse to B field

. 3
-

L = length of the detector (chord), s = sagitta, p = bending radius

pr=qBp —  p, (GeV/c)=03Bp (T-m)

£=sina/2za/2 — az_O.3L-B
20 Pr
P
o o 03I'B
s=p(l-cosa/2) = pe = S
T

the sagitta s is determined by 3 measurements with error 6(x):

meas. 3 3 . meas.
S=x - x| + X3 olp;) _o(s) _ \/;U(x) _ \/Za(x) 8pr o(p;) _o(x)pr
2 Pr s s 0.3-BL? Pr BL?

for N equidistant measurements, one obtains (r.L. Giuckstern, NIM 24 (1963) 381)

) meas.

alpr) _O0)Pr moiN+4)  (for N =~10)
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Momentum measurement -,

INFN
(e
* What is the contribution of multiple scattering to a(p) 9
Pr
\
remember o) , o(x): p; s
Pr
> o) _ constant 1.e. independent of p
MS 1 pT
o(x)|" « @, o« —
J
MS Example:
More precisely: o) _ 0.045 1
Pr ByLX, |p,=1GeV/c,L=1m, B=1T, N=10
O(p)/p o(x) =200 um olpr) ~0.5%
Az Pr
N p— 7 O/ - Assume detector (L = 1m) to be filled with
()/p 1 atm. Argon gas (X,= 110m),
MS
O(p)/p M o(p) ~0.5% Optimistic, since a gas
p e detector consists of
> r more than just gas!
p
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A more realistic example )

INFN
(e
CMS Silicon Tracker « B=3.8T, L=1.25m, average N = 10 layers
i Average resolution per layer =~ 25um
\ meas.
opr)™_ o Pr ot ay
pr 0.3- BI?

R 6,/p = 0.1 % momentum resolution (at 1 GeV)

E:::,Z':.p:fl, e 6,/p = 10 % momentum resolution (at 1 TeV)
ey
Material budget (Si, cables, cooling pipes, support structure...)
X o5l [iswpontuve MWros WPl ]
- [ ]TEC Ml B andaTiD [l Beam Pipe |
2" - B =3.8T,L=1.25m, t/X,~0.4-0.5@n <1
:_ _: MS
: 5 oP) _goas— L _goas_ |1
. - Pr BF B-L\ X,
_05F 2 = I 6,/p = 0.7% from multiple scattering

g (2]
4 3 2 4 0 1 2 3 pseudorapidity 77=—1n(tan5)
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Silicon Detectors INEN

Silicon detectors are nowadays some of the most important

detectors in particle physics

They are widely used for tracking systems and for light sensing

in calorimetry

An introduction to their main properties and features

ESHEP 2015 Silicon Detectors, V. Manzari 35



Semiconductor Sensors INFN
* Semiconductors widely used for charged particle and photon detection
* Sensor material — mainly silicon, I1I+V materials also used
physical properties I TR T #1YA AVARRV/RRVIIIRVITY
. oq o 1 2
availability 1 |T| He
2 . 4 5 6 7 8 9 10
case of use se| | Bl c fnifo]l F|ne
3 . 12 13 |§ 14 |§ 15| 16 || 17 || 18
cost Mg| [ AL fsi)l Pl s|lcllar
4 . 20 31 | 32§ 33|| 34 || 35 | 36
Ca Ga || Ge | As || Se || Br | Kr
g . 38 49 | 50| 51 ([ 52 || 53 || 54
* Silicon technology 1s very mature > . si| | [sn|sb|[®|| | xe
high quality crystal material ] FIEBEHEE
. 7 Tssl {113]{114 114 115 118
relatively low cost Ra| | Uut {Uuq [Uup|iuuk vus |Uuo

although physical properties are not optimal for some specific applications

ESHEP 2015 Silicon Detectors, V. Manzari
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Alternative interesting semiconductors

* Germanium
used in nuclear physics
needs cooling due to the small band gap (0.66 eV)
usually done with liquid nitrogen at 77 °K

* Silicon
can be operated at room temperature
synergy with microelectronics industry
standard material for vertex and tracking detectors in high energy physics

* Diamond
large band gap
requires no depletion zone
very radiation hard
drawback is a low signal and high cost

ESHEP 2015

Diamond | SiC @4H) | GaAs |f Si Ge

Atomic number Z 6 14/6 31/33 14 32
Bandgap E, [eV] 5.5 3.3 1.42 1.12 0.66
E(e-h pair) [eV] 13 7.6-8.4 4.3 3.6 2.9
density [g/cm’] 3.515 3.22 5.32 2.33 5.32
e-mobility p. [cm®/Vs] 1800 800 8500 1450 3900
h-mobility ;, [cm*/Vs] 1200 115 400 450 1900

Silicon Detectors, V. Manzari

37



Why silicon?
Moderate band gap E,=1.12 ¢V = E(e-h pair) = 3.6 eV
~30 eV for e-ion in gas detectors, ~100 eV for photon in scintillators
High carrier yield
Better energy resolution and high signal
High specific density 2.33 g/cm’ - High specific energy loss
dE/dx (M.1.P.) =3.8 MeV/cm, =108 e-h/um (average)
Thin detectors
Reduced range of secondary particles
Better spatial resolution
High carrier mobility 1 ,=1450 cm?/Vs, pu,= 450 cm?/Vs
fast charge collection (<10 ns)
Very pure <lppm impurities and <0.1ppb electrical active impurities
Rigidity allows thin self supporting structures
Detector production by microelectronic techniques

well known industrial technology, relatively low price, small
structures workable

High intrinsic radiation hardness

ESHEP 2015
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Silicon material properties INFN

NB: The following concepts apply to any IV group elemental semiconductor (i.e. C, Si, Ge)

» Each atom has 4 closest neighbors, the 4 electrons in the outer shell are shared and
form covalent bonds
Low temperature = all electrons are bound

Higher temperature = thermal vibrations break some of the bonds
free e cause conductivity (electron conduction)
remaining open bonds attract other e = “holes” change position (hole conduction)

reok 111110 ' TT_, T >0K
R TT T|""-TT
«— —e— —e— —e o — T\ —eo— —e— —e * ... Valence electron
--°' . ISPT "': ¢ ---Conduction electron
IR AR
e e e @ T
|| | | | || ||
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Energy bands

 Inisolated atoms the electrons have only discrete energy levels

* Due to lattice symmetry, in solid state material the atomic levels merge to energy bands
Isolators =>large energy gap (band gap) between conduction and valence bands

Semiconductors = small energy gap between conduction and valence bands

Metals = conduction and valence bands overlap

fermi
energy

electron energy

Il ... occupied levels

.. empty levels

conduction band

empty -
conductonband s single empty levels (electron)
: o single occupied levels (holes)
empty .
conduction band  ¢onduction band
® o 0 0 0 0
_ [Fomp>5eV Ifgy;o gloy _Ifgap_z_‘el’ _ _goonduction  _ —_}
scauied e o 0 0 00
vq(l‘g{c:b.'-;n d valence band
U
occupied Metal Metal
valence band (conduction (partly
Semiconductor Semiconductor band partly overlapping
Isolator atT=0kK atT>0kK occupied) bands)

ESHEP 2015
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)

Intrinsic carrier concentration INF
(e

* Due to the small band gap, in semiconductors electrons can be excited already at room

temperature and thus occupy the conduction band.
* Electrons from the conduction band may recombine with holes.

* A thermal equilibrium is reached between excitation and recombination:

charge carrier concentration: n, =n, = n, (charge neutrality)
* 1, 1s called intrinsic carrier concentration:
E 3 E
g 2 g
n; = NN, -exp|—-—L|x T2 -exp|-—=
’ 2kT 2kT

N and Ny, are the number of admitted states in conduction and valence band,

respectively (Fermi-Dirac statistics)
* In ultrapure silicon the intrinsic carrier concentration at T~ 300 °K is n=1.45-10'° cm-3

taking into account approximately 10%?> Atoms/cm?® = 1 in 10'? silicon atoms is ionized.
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Semiconductor properties: Drift velocity, mobility and resistivity

Drift velocity

electrons holes

— —

V, =—u, ' E VP=”P.E

Mobility

electrons holes
e T, e Tp
Up = lup =
m, mp

~ 1450 cm?/Vs ~ 450 cm?/Vs

Resistivity
_ 1
e(‘unne + ‘upnh)

Intrinsic carrier concentration in pure silicon at T= 300 °K
n,=n, =n=1.45-10' cm-3

corresponding to an intrinsic resistivity of p = 230 k2cm

e = electron charge

E = external electric field

m,, m, = effective mass of e-and h*

T,, T, = mean free time between collisions
for e and h* (carrier lifetime)

n,, n, = charge carrier density for e and h*

10x10°

p

Istituto Nazionale
di Fisica Nucleare

Va=pné

8 7

ELECTRONS

m

ORIFT VELOCITY (cm/s)
D
\
~e/\‘<
h-l
s
o
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How to obtain a signal? INEN
(G
4 Pure (undoped) Silicon at T =300 °K
g nUONBANY  Tntrinsic charge carrier density n,=n,=n~145-10 cm?
= { Mean 1onization energy 1000 PP
I,=3.62¢V, Proton in Si |
Mean energy loss per flight path [ [T\{
of a mip s §

dE/dx =3.87 MeV/em o _ _

dE ldx
I

q
|

Assuming a detector with a thickness of d=300 um
and an area of A =1 cm?

1 10 100 1000 10000 100000
ENERGY [MeV]

Charge signal of a mip
dE/dx-d 3.87-10°eV/cm-0.03cm
1, 3.62¢eV

~3.2-10% e h*=pairs

v

Intrinsic charge carriers 300 um 1
- — cm
n,dA=145-10°cm”-0.03cm- Icm® = 4.35-10°¢ h*~pairs Ae— \>

The number of thermal created e-h™ pairs is 4 order
of magnitude larger than the signal!!!
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How to obtain a signal? INEN |

Result:
The number of thermal created e'h™ pairs, 1.e. the noise, is 4 order of
magnitude larger than the signal

One of the most important parameter of a detector is the Signal to Noise Ratio
(SNR)
A good detector should have a large SNR

This leads to two contradictory requirements:
Large Signal = low ionization energy, i.e small band gap
Low Noise = very few intrinsic charge carriers, i.¢. large band gap

Solution
Reduce number of free charge carrier in the sensitive volume

How:
Depleted zone in reverse biased pn junction

Most silicon detectors make use of reverse biased p-n junctions
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Silicon doping to create a p-n junction INEN

* Doping is the replacement of a small number of atoms in the lattice by atoms
of neighboring columns from the periodic table

In case of S1 (IV column), mostly used Pb, As, Sb from V column and B, Al,

Ga, In from III column

* These doping atoms create energy levels within the band gap and therefore
modify the conductivity

* Definitions
An un-doped semiconductor is called an intrinsic semiconductor
For each conduction electron exists the corresponding hole
A doped semiconductor is called an extrinsic semiconductor

Extrinsic semiconductors have an abundance of electrons or holes
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n-type silicon INEN

* n-type silicon
Add elements from V group (e.g. P, As, Sb)
The 5% valence electron is weakly bound and thus can be easily released

Doping atoms are called donors

|| single

[& A/T/I/ positive
P ion

- NIy |
:::::::::: ::::::: alociron.

* Negatively charged electrons are the majority carriers
The released conduction electron leaves a positively charged ion =

- positive space charge
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n-type silicon f N{,}

Istituto Nazionale
di Fisica Nucleare

* The energy level of the donor is just below the edge of the conduction band

At room temperature most electrons are raised to the conduction band

The Fermi level £, moves up

A
Ec conduction band Ec conduction band
A N ®0 0 e00 o o000
> —i— —i— —i— —i— —i— —i— —i—} zo'o‘r’e\_’ —— —— —— —5— —e— —O— —e—} z'0.0§eV
> AN occupied ~  TTTTTTTTTTTTmTTmmmmmmmmmsmmsssmmssseony ™\ ionised
% EEj donor levels Efj \donors
c | e e e e e e e T e e e e e e e e e EF
e
3
D E E
[} 4 "4
N N
aQ [ ] o
... empty levels ® .. single occupied level (electron)
Bl ... occupied levels o ... single empty level (hole)
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* p-type silicon
Add elements from III group (e.g. B, Al, Ga, In)
One valence bond remains open and thus attract electrons from neighbor atoms
Doping atoms are called acceptors
R A T R
C@rm@sm@n 0 ee@ner .,
negative

RN RN |
e o e o a o e o .0 4 o o :
R bond IR R

|| | | || T R ) T free mobile
::::::" ::::::.:::

* Positively charged holes are the majority carriers
The acceptor atom in the lattice becomes a negatively charged ion =

- negative space charge
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p-type silicon

* The energy level of the acceptor is just above the edge of the valence band

At room temperature most levels are occupied by electrons leaving holes

in the valence band

The Fermi level £, moves down

A
Ec conduction band Ec conduction band
N N e o °
>
>
Q | Efj Er;
5 | % &
5 __________ empy Er
S acceptor / ionised
) levels acceptors
21 Ey ¥ 5 accep
(0] \ = == == == =0 —(+)— —O—} ~ 005 eV —.—} ~ 005 eV
® o0 o e o0
valence band valence band
... empty levels ® .. single occupied level (electron)
B ... occupied levels o ... single empty level (hole)
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The p-n junction f N{N)

Istituto Nazionale
di Fisica Nucleare

* Interface of an n-type and p-type semiconductor

The difference in the Fermi levels cause diffusion of excessive carriers towards the other
material until thermal equilibrium is reached and the Fermi level 1s equal

The remaining (fixed) ions create a space charge region and an electric field stopping further
diffusion

* The stable space charge region is free of charge carriers and is called depletion zone

© = acceptor + = empty hole
@ = donor - = conduction electron
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Electrical properties of a p-n junction

pn junction scheme

A )

space charge density
)

© = acceptor + = empty hole
@ = donor - = conduction electron

concentration of free charge carriers

Np

electric field

N\

electric potential

-X
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p-n junction with forward bias -,

* Apply an external voltage V with the anode
to p and the cathode to n

¢” and holes are refilled to the depletion
zone

The depletion zone becomes narrower

* Consequences:

The potential barrier becomes smaller by ~el

Diffusion across the junction becomes }AE - eV
easier — ’fc
The current across the junction increases E S A—— Er
significantly

p-n junction with forward bias
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p-n junction with reverse bias

* Apply an external voltage V with the
cathode to p and the anode to n

¢ and holes are pulled out of the depletion
zone

The depletion zone becomes larger

* Consequences:

The potential barrier becomes higher by ~eV
Diffusion across the junction is suppressed

The current across the junction 1s very
small (“leakage current”)

5= This is the way we usually operate our
semiconductor detectors!

p-n junction with reverse bias
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p-n junction — width of the depletion region
(e

Example of a typical p"-n junction in a silicon detector
 Effective doping concentration in typical silicon detector with p*-n junction

N, =10 cm~ in p* region

N, =10"> cm> in n bulk =
n

N, ~ 1019 cm—3

* Width without external voltage

W, =0.02 pm
W =23 um Ng~1012 cm-3
n
* Applying a reverse bias voltage of 100 V
W, =0.4 um
W_=363 um p'-n junction
* Width of depletion zone in n bulk
V' = External voltage!
) 1 p = specific resistivity
W = -\/28 o€ ﬂp|V| with p = T 1 = mobility of majority charge carriers
€ UN off N, ;= effective doping concentration

Derived by solving Poisson equation with N, >>N,,
54
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Current vs voltage characteristics of a p-n junction INEN

* Typical current-voltage of a p-n junction (diode)
Exponential current increase in forward bias
Small saturation in reverse bias

Ideal diode equation
o—{N|P o
Cathode (K) Anode (A) +1 (mA) 4 Forward qV
- - Current —
I = I 0 ekT — 1
Conventional Current Flow
Reverse
Breakdown [ = the net current flowing through the diode
Voltage g . g .
<’ I, = dark or reverse saturation current, the diode
Reverse Voltage ¢~ T : Forward Voltage leakage current density in the absence of light
50mA _ V = applied voltage across the terminals of the diode
- 0.3vG
~Zener Germanl_u!"n -V _e_rmanlum — b 1 1 f 1 t h
K 20mA Silicon ' 0.7v Silicon g = absolute value of electron charge
or Avalanche Reverse k = Boltzmann's constant
Region Bias T = absolute temperature (K).
Reverse

TN Y Current
* The "dark saturation current” I is an extremely important parameter which differentiates
one diode from another
* I, 1s a measure of the recombination in a device
A diode with a larger recombination will have a larger I
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Leakage current of a p-n junction INEN

* Assilicon detector 1s operated with reverse bias, hence the reverse saturation current I,
(leakage current) is a relevant figure of merit
[, 1s dominated by thermally generated e-h™ pair
Due to the applied electric field e-h" pair cannot recombine and are separated
The drift of the e and h™ to the electrodes causes the leakage current

CMS strip detector

300

250 |-

200
Leakage current of CMS strip detector

measured at room temperature 150

llll|0!||,

100

leakage current /g [nA]

50

0_111111111[111:11111]11111111111111

0 50 100 150 200 250 300 350
reverse bias voltage V [V]
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Depletion voltage of a p-n junction INEN

* The depletion voltage 1s the minimum voltage at which the bulk of the sensor 1s
fully depleted
The operating voltage 1s usually chosen to be slightly higher (overdepletion)

High resistivity material (i.e. low doping) requires low depletion voltage

1000

500

Depletion voltage as a function of the
material resistivity for two different
detector thicknesses (300 um, 500 um)

100

a1
o
T T [ TTIT]

Reverse bias voltage [V]

I
w
o
S

R~
3

1 O 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

Resistivity p [kQ-cm]
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Capacitance of a p-n junction ,N{N)

Istituto Nazionale
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* The detector capacitance for a typical Si p-n junction (N, >> N, >> n,) the detector

capacitance 1s given as

p = specific resistivity of the bulk

u = mobility of majority charge carrier
V = bias voltage

A = detector surface

Capacitance is similar to parallel-plate capacitor

Fully depleted detector capacitance defined by geometric capacitance

Measured detector capacitance as a The depletion voltage can be determined by measuring

Junction of the bias voltage of CMS the capacitance versus the reverse bias voltage.

strip detector
20 =

1/C? vs bias voltage

—
o
T T TT]

14)]

:2_ 2£19 1

\&

detector capacitance C [nF]

[

1
[
1
|
|
1
|
v

10 50 100 500 6 5 10 wm 2 25 3 3| 4 41 m
reverse bias voltage V [V] Biza Vottaga [V)
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