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Bandstruktur in Festkorpern
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Group IV Semiconductor: 4 valence electrons

T > 0K
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Thermal excitation = conductivity for T >0 K




Elektronenstruktur von Silizium

* Small band gap — electrons in conduction band &
* Recombination with holes

conduction band

* Intrinsic charge carrier concentration in thermal equilibrium (intrinsic semiconductor):

Eg
3/2  2kT
nocl e
: . 300X ~ 45 x 10° free charge
At room temparature in pure silicon: A carriers in this volume

>> 32000 e-h pairs

n %145 x 10 cm?
created by a MIP!

— Reduce numbe of free charge carriers
— Deplete detector

— Need Doping :
Replace small fraction of atoms by atoms of neighboring columns of periodic table

(from group IIT or V) — extrinsic semiconductor




p-Dotierung mit 3-wertigen Atomen > Akzeptoren

* p doping:

Add acceptor atoms from Group IITI (e.g. B, Al, Ga, In)

Open valence bond attracts electrons
from neighbor atoms
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Ec conduction band

EF: Fermi Level
Er; (it intrinsic)

valence band

® _.. single occupied level (electron)
o ... single empty level (hole)




n-Dotierung mit 5-wertigen Atomen - Donatoren

* n doping:
Add donor atoms from Group V
(e.g.P, As, Sb)

Additional valence electron
weakly bound
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Typical doping concentration
~5 x 10" atoms/cm?
(compared to Si concentration
~5 x 10% atoms/cm?)
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valence band

® ... single occupied level (electron)
o ... single empty level (hole)




Der p-n-Ubergang

* Connect p- and n-doped silicon
* Electrons from n-type diffuse towards p-type and fill holes (recombination)
* Fermi levels have to adapt

— Diffusion of charge carriers until equilibrium is reached

— Potential difference at junction (contact potential)

— creates space charge - electric field
* Depletion zone: Free of charge carriers




Der p-n-Ubergang

pn junction scheme concentration of free charge carriers
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Verarmungszone bei auBerer Sperrspannung

Increase depletion width with reversed bias Reversed biased "PIN DIODE"
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created in the depletion region
by the ionizing particle,
drift in the electric field.

reverse bias voltage -

typical ionization: 100 e-h pairs/pum

100 V typical noise: 1000 electrons

oV

width of depletion zon (micron)

Large S/N requires large depletion region, i.e.
large reverse bias voltage.
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Silizium-Streifendetektoren

LN
Metallisierung (Al) ]
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Potentialverlauf und Zeitentwicking des Signal

Potentialverlauf auf zentralen 1 e
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Silizium-Streifendetektoren

Segmentation of p layer into strips
- spatial information

Pitch typically 20-150 pm

Position resolution
typically: = pitch / /12 (14 pym for 50 pym pitch)
d # 300 pm

(can be improved by centre-of gravity
and analogue readout)
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Silizium-Streifendetektoren

Charge collection time:
Drift velocity of charge carriers v = pE and drift time tq = d/v = d/pE.

Typical values: d=300 pm, E=2.5 kV/cm (p.=1350 cm?/Vs and pr=450 cm?/Vs).

Drift times: ta(e) = 9 ns, ta(h) = 27 ns

Diffusion:
Diffusion of charge cloud caused by scattering of charge

carriers.Width of distribution increases with drift time
ta. Using the diffusion constant D = kT /e
one finds:

2dET
=\/2Dtg =1/ ——
7 d el

Note that diffusion is the same for electrons and holes,
since the mobility drops out.
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Typical charge width: 8-10 pm in 300 pm thick silicon.
Width of charge cloud could be exploited to obtain

o . . from M. Moll
better position resolution due to charge sharing between

strips (charge centroid finding).
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Silicon

Fig. 3.13. An illustration of the effect of energy loss fluc-
tuations on the projected charge distribution for tracks of
normal incidence and tracks inclined at an angle a.

M. Schumacher Exp. Methoden der TP Kapitel 6: Halbleiterdetektoren SoSe 2012



Silizium-Streifendetektor: “Wire bonds”




Silizium-Streifendetektoren

¢ Zweidimensionale Auflosung aluminum
o —

.. _/_ ™ silicon oxide
Elektronen und Lochern auf o

p-implgntation

silicon nitride

durch Sammlung von

orthogonalen Streifen

amplifiers
(x-coordinate

n~-bulk

)
y / * Aber:Auf einer Seite
befindet sich dann die
Elektronik auf hohem
=

p-strips 1 n-silicon Potential (durch Bias-
holes .
i ! Spannung uber dem
|- electrons Detektor)

n-strips

amplifiers
(y-coordinate)

U particle




Silizium-Streifendetektoren

N A_  A_ e Bei hoher Teilchendichte gibt es
Ambiguitaten bei der

A Streifenauslese: Spurrekonstruktion
% bricht zusammen

Soft lepton
I /

Nn=2="p=2 n=3 = p=6

* Ortsauflosung ist nur in
einer Koordinate gut, meist
nicht ausreichend, um
sekundare Zerfalls-Vertices
Zu rekonstruieren




Senkrechte- und Stereostreifen
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Hybride Pixeldetektoren

HAPS design principle

* Different pixel detector types

* Hybrid Active Pixel Sensors (HAPS)

- Detector and readout ASIC are
sandwiched together

(Nreadout = Npixel )
- Limitation from readout:
Pixel size > 120 x 120 pym (2004)
— Used widely in collider experiments
* ATLAS: 100M pixels (50x400 pm?)
« CMS:  23M pixels (150x150 pm?)

\ :g:tmlics fllp—Chlp detector:
readout chip
under-bump metal Y -«— bump connection l bump bonded l

to Si detector

sensor

(VTT/Finland)

WTT Migroshe

pariclerack - Byt: Large number of channels!
— Large number of electrical connections and large power consumption



Siliziumdetektoren in ATLAS

ATLAS Pixel Detector
= 1744 modules

disk cross-section
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barrel cross-section
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Siliziumdetektoren in ATLAS

BARREL 5
ACTIVE : 500
53 MODULES

BARREL 6

ICON
ACTIV :
62 MODULES

32 MODULES

BARREL 2
52 MODUI:JES: 168
BEAM PIPE
(S0 oD) BARREL 1
PIXEL BARR
Ac 36 MODULES=
INNER RADIUS OF TRT YERTER
(RADIUS 630 mm)
System | Position Area Resolution Channels | 1 coverage
m?) o (pm) (10°)
Pixels | (1 low-lum. barrel layer) | (0.2) | (R¢ = 14,z = 87) (12) (£2.5)
2 barrel layers 1.4 R¢ =14,z =87 140 +2.5
4 forward disks 0.8 R =287
on each side
Silicon | (1 low-lum. barrel layer) | (0.2) } (R¢ = 10,z = 20) (0.03) (£2.1)
strips 4 barrel layers 41 Ré=15,2=770 2.9 +14
TRT Axial barrel straws 170 (per straw) 0.1 +2.5
Radial forward straws 0.32
36 straws per track
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Etablierte Technologieoption: CCDs

Exzellente Erfahrung von SLD (300 Millionen Kanale)

FRE: Effizienz und Stabilitat des Ladungstransports
Auslesegeschwindigkeit, dinne Sensoren,
mechanische Stabilitat, Strahlenharte
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~Neue™ Technologien: MAPS (Monol?thtic Activ Pixel Sensors) und
: DEPFET (Depleted Field Effect Transistor)

jeder Pixel selektiv ansteuerbar

nur jewelils eine Zeile aktiv
= geringerer Leistungsverbrauch

erste Signalverarbeitung im Pixel
= geringeres Rauschen




Monolithtic-Activ Pixel $eﬁsp‘rs

Ionising particle
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Depleted Field Effect Transistor

source top gate  drain bulk potential via axis
top-gate / rear contact

internal gate

potential minimum

- for electrons
+/  totally depleted
+ n-substrate

- [

+ rear contact Vi

Standard CMOS-Technologie

Ladung aus , Epitaxial
Layer" diffundiert thermisch
zum ,,N well®

Ladung wird in der
Potentialmulde
(internes ,,Gate™)
gesammelt

=Modulierung des
Transistorstroms




