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Detectors In high-energy physic (1)

« particle tracking: identify that a particle
crosses a given surface at a given time

* energy spectroscopy: identify the
energy of a particle
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Detectors In high-energy physic (2)

3 Layers:

B-Layer, 286 modules
Layer-1, 494 modules
Layer-2 676 modules

6 disks:

_ 144 modules
Pixel detector

Pixel detector
module
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What a detector does

 the incoming particle
generates free carriers
Inside a semiconductor

 the electric field inside the device separates the charges
and creates a current at the terminals

 the electrical signal is amplified by an electronic read-out
4
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Outline

 Semiconductors
* P-Nn junction
» Main figures of merits for detectors
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“= Semiconductors (1)

VIIIA

A IVA VA VIA VIA !;'me . group IV: Si, Ge

a

B C N O F Ne. .y compounds (GaAs, InP,
IHAI '|4Si 15P 1ES 1?CI 1BAr InAS’ GaN...)

IB 1B 26.982  28.086 30.974 32064 35453  39.948

"Cu Zn 'Ga Ge “As “se Br ‘kr = Alloys (Sip,Ge,, Iny,Ga,As)

e e e g e CdTeSe, ZnTeSe, CdZnTe
Sn Sb Te | Xe

IID?.B% I 12 4{! 'I 14.32 ness 12175 12760 126904  131.30

‘Au H Pb Bi Po At Rn

196.967 200, g 204, 3? 20719 208.980 (210 {210) (222

* behave as conductive or insulating materials by adding
Impurities a/o changing the device bias
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= Semiconductors (2)

» crystal structure of silicon

b

simplified 2D view = St { SI ; Si ¢

. S1 . SIS
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Free carriers: electrons and holes

PSi . Si? Si e Si,. Si,Si.

'Si? . * Si
si . . Si o

the hole that is left can
move too: free carrier
with positive charge

one electron can break the
bond and become a free
carrier (negative charge)

8
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single atom: j> crystal:
energy levels energy bands

} Empty upper bands

conduction band)<::| free electrons

2p
electrons in
(valence band) <11:| the outer shell

2s

}Filled lower bands
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. Si
. Si
. Si

L 2N J

Si. Si.

® e

v @

As . Si.

L R 4

| 2N |

Si. Si.

¢ e
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Doping (1)

doping with donors: As
has 5 electrons in the outer
shell-> one is not needed
for bonding and becomes a
free electron

10
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Doping (2)
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s e o o

- Si. Si. Si.

[ L o ®

.SJ«?B:Si:

. Si. Si. Si.

LN 4 L L

doping with acceptors: B has 3 electrons
In the outer shell and this results in a hole
that can move in the crystal

11
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donor easily
_ | jumps to the
ConductionBand ___ ¥ _____ = conduction band
Donor Level A _ _Ed _
Donor ionization energy
Acceptor ionization ener
Acceptor Level i P dy
________ - Ea \ ]
] E, electron in the
Valence Band

valence band
easily captured by
the acceptor-> a
hole is left in the
valence band 1,
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E, /2K
ltcan be shownthat np=n° with n :\/Nche B /2KT

e \

free electron hole

: , intrinsic density (~101%m-3
concentration concentration

in Si@room temperature)

Charge neutrality: n+N_ = p+ N,

Example: N,=10%%cm=, N;=0 2 p=10'cm=3, n=10%cm-3

Note: density of atoms in Si is 5-10%°cm3 13
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e-h generation by radiation

elegtron .  the photon promotes an
photons electron in the conduction
photon energy: hv > Eq S band
E, * ahole is left in the valence
0 band
hole

* Ifhv>>E : number of pairs~ hv/ E,

 The same happens with many types of particles, not only
photons

 To measure the generated e-h pairs we need to separate

electrons and holes = p-n junction ”
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« Semiconductors
* pP-n junction
« Main figures of merits for detectors
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Structure
N-region:
-~  donor doping;
'y » plenty of free electrons
N | « balanced by fixed positive charge
P-region:
A .
« acceptor doping;
« plenty of free holes
— v  balanced by fixed negative charge
Reverse bias Forward bias

\

region where the detectors operate 16
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““% Charge profile (1)

at the border between the N and P region we have very few

free carriers

A

N

P e o e e e e e e e e

b o o o e o e e e e e o e o o ———

neutral N-region:

« donor doping;

« plenty of free electrons

» balanced by fixed
positive charge

depletion region:
only fixed charges

neutral P-region:

acceptor doping;
plenty of free holes
balanced by fixed
negative charge

17
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“"% - Charge profile (2)

net charge concentration:
p=q(—n+Np— Ny

N | | P
n:ND ' N ~0 n ~0 ! p:NA
p~0 ' p~0 p~0 . n~0
=0 i P=0Np| p=-qNy i p=0
neutral N-region: _ _ neutral P-region:
e donor dopmg’ deplejtlon region: o aCCEDtOr doplng,
+  plenty of free electrons only fixed charges . plenty of free holes
. bala}nced by fixed « balanced by fixed
positive charge negative charge

18
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i i POISSOn equathn

Gauss’s Law: |
| %Pr
ecE(x + Ax)A — egE(x)A = pAxA | s .
L . E(¥) | E(x+ AY)
& permittivity (~12¢, for Si) P
p:. charge density (C/cm3) .
esE(x + Ax) — egE(x) A |
Ax =f
- X

dE p d2v dE D
T s T 7 et & s

Poisson’s equation .
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“*Electric field profile (1)

P

P=aNp  p=-0N, p=0

dE/dx=gNp/és dE/dx=-0N, /&5

e a

AN
:// N\

Area:app”ed potential different chemical potential of N

> X
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“Electric field profile (2)

A

Area=applied potential
+ built-in

« positive electric field 2
electrons (holes) generated by
radiation go to the N (P) region
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“Electric field profile (3)

N+ | N i R
E t i < W > i
dE/dx= | i ~
qND /ES : /E/' dE/dX—-C{NA+ /gs
| dE/dx=-qN, /25 |

> X

 Insertion of a low-doped region: trapezoidal electric field
profile = same “area” with lower peak electric field
22
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“*Electric field profile (4)

« doping in the P+ and N+ regions is large so that:

E t < W >

\h

dE/dx=-qN,, /&

> X

* this however requires: V+ Vg > %Wz to fully deplete

Eg the low doping
region o3
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« Semiconductors
* P-n junction
* Main figures of merits for detectors
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Spatial resolution

 the structure needs to be split in stripes or pixels

stripes

Cross section
4

25
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Collected charge

the longer the particle travels in
the detector the larger the
Induced charge

collected charge proportional
to W-A where A is the pixel area.

large W is required,

but the condition for depletion v + vy, > %Wz
€s

Implies using high bias and
very low doping levels (high
purity crystals)

26
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* there are other mechanisms creating e-h pairs;
« e-h creation is assisted by defects;

* simple model: depletion ..o
Wldth\ / ni _ /NCNVe—EQIZkT
gWAn=—"
laark~ T

generation time

 a particle can be detected only if the induced current is
larger than the dark current;

 this requires high purity material and low temperature

27
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Breakdown voltage (1)

high electric field results in Fe
unwanted e-h pair generation .,
by impact ionization

a free electron hits an electron in
the valence band obtaining an
additional free electron + a hole e

1w}

the same process can be
Initiated by a hole - the dark

Current ( A)

10}

0%}

F AlGaAs/GaAs SAM-APD

MBE 6216
300 x 300 pm?
T=300K

photo current\

current increases significantly —_

n
10- 0

Reverse Bias (V)
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Breakdown voltage (2)

* reduce peak electric field as much as
possible - low doping

A  dE/dx=-aN, /25

W

» X

29
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Breakdown voltage (3)

« avoid breakdown at the borders - guard rings

e read out chip 8
R T =
1AY
n+-implant at the edge region n*- p]XEl
n-substrate p b
guard rings p-implantation
S L.__—'
ov = : )
' controlled potential drop bias voltage
cutting edge centre of the sensor

30
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* generated e-h pairs
need to reach the high-
doping regions

* the duration of the current
pulse induced by a particle is in
the order of

w

Thuise = carrier velocity ~107cm/s

min(v,, vy) 31
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“ Capacitance

The electronic read-out
converts the generated
charge into a signal

It adds noise (unwanted
random signal) during the
process

this noise is amplified by the A
detector capacitance =—— (~&—

C should be as small as
possible

32




