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Semiconductor Detectors

Introduction

@ Main applications:
- ~y-ray spectroscopy with very high energy resolution
- vertex detectors with high spatial resolution
- very accurate energy measurements of charged particles

- PID via dE/dx (multiple layers)

Many great advantage:

@ 1000 times more dense than gases therefore compact
@ Best resolution in routine use radiation detectors

@ Relatively fast timing characteristics
@ Also few disadvantages:
@ Limitation to small size
@ Relatively high radiation damage susceptibility
@ Same principles of ionisation detectors: no ion pairs but electron-hole pairs
@ Technology started in early 1960s. Originally “crystal counters”, nowadays
“semiconductor” or “solid state detectors”.
@ Of all the semiconductors existing the main ones used in radiation detection are:
@ Silicon, used in charged particles spectroscopy

@ Germanium, widely used in gamma-ray measurements
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Semiconductor Detectors Band Structure

Band Structure
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Semiconductor Detectors Band Structure

Band Structure in Solids

@ Most commonly used semiconductors are single crystals with diamond (with Si and Ge) or
zinc blende (e.g. GaAs) structure

.
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@ All atoms in the diamond lattice are

identical, while the two fcc sublattices are
built of different atoms in the case of IlI-V
compounds such as GaAs

The atoms are arranged in a tetrahedron
and each atom shares its four outer
(valence) electrons with those of the
neighbours, thus forming covalent bonds

Each tetrahedron repeats itself

At low temperatures all valence electrons
remain bound in their respective
tetrahedral lattice.

At higher temperatures thermal vibrations
may break the covalent bond and a valence
electron may become a free electron,
leaving behind a free place or hole

Both the electron and the hole are available for conduction

Gas Detectors
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Semiconductor Detectors Band Structure

Band Structure in Solids

@ Quantum mechanical calculations of the energy levels of the atoms as a function
of the lattice spacing (for Si) (left):
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@ The spacing corresponding to silicon is indicated in the Figure above and
corresponds to the minimum total energy of the electrons and the lattice, not very
far from the minimum energy of the electrons in the filled valence band.

@ The difference between the valence and the conduction band is called bandgap

(Eg).
@ In the Figure on the right the different energy band structures of the different
solids are displayed.
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Semiconductor Detectors Band Structure

Charge Carriers in an Electric Field

@ As for gases, both charge carriers migrate with a combined random thermal velocity and a
net drift velocity parallel to & direction.

@ Contrarily to gases, the hole mobility is of the same order as for electrons

@ At low-moderate fields the drift velocity is proportional to &. For high & the drift velocity
reaches a saturation velocity.

@ Semiconductor detectors when operated at saturation have drift velocities of the order of
107 cm/s

@ For a 0.1 cm thick silicon detector (typical dimension) the charge collection time is in the
order of < 10 ns (fastest!)

@ The diffusion of the free electron-hole pairs is characterised by the standard deviation of
the Gaussian distributed arrival positions at the electrodes, given by:

2kTx
= 1
o=1\"z (1)

Carefull! Diffusion broadening can limit precision of position reconstruction.
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Intrinsic and Extrinsic Semiconductors
From now on we will use the following notation:

v/ n the concentration of electrons in the conduction band

v p the concentration of holes in the valence band

@ intrinsic semiconductors:

[

- feel CONDUCTION
L 1 B .___L.—,-l—’— ELECTRON  _

[

@ very pure material, charge

carriers are created by

&‘ng

thermal or optical

excitation of electrons to

conduction band n; = p;

@ impurity or extrinsic semiconductors:

@ majority of charge carriers provided by impurity atoms at lattice sites of crystal

@ impurity atoms provide either an extra electron above the number required for
covalent bonds — majority charge carriers are electrons ‘n-type semiconductor’
or

@ impurity atoms have insufficient number of electrons for covalent bonds, free hole

at impurity site — majority charge carriers are holes ‘p-type semiconductor’
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Semiconductor Detectors Effect of Impurities and Dopants

@ most common:
@ crystal of element of group IV such as Si or Ge
@ impurities of group V (P, As, Sb) or of group Il (Al, Ga, In)
@ but also GaAs or CdS

@ in semiconductors like Si, Ge, GaAs, lower edge of conduction band E. only a few eV
above upper edge of valence band E, .

Sb P As @ The replacement of a proper

atom of the lattice by a

-039 ev - different atom is accompanied
04t eV ooV by the creation of localised

energy levels in the band gap

@ These energy levels may be of

.085 eV
067 v ~085ev_ 1lev the donor (Ep) or acceptor (Ea)

.045 eV EE— type

Ev @ donor levels Ep are close to the
conduction band

B Al Ga

at room temperature donor's electrons will be transported to the conduction band

electron donors (P, Sb, . . .): 5th electron bound only weakly in crystal can easily be promoted
(‘donated’) into conduction band (Li-like)

electron acceptors (B, Al, . . .): only valence electrons, one unsaturated binding in crystal
tendency to ‘accept’ an electron from Si leaving behind a hole in valence band
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Law of mass action:
The product of n and p at a

given T is fixed, characterized
by effective masses and band
gap (often called law of mass

np = NN, exp [—(E. — E,)/kT] = n} (2)

action)
Typical values at 300 K are:
Si: n=15x%10" cm™? 3)
Ge: ni=25x10" cm™ (4)
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example: at 300 K in Si

nj=p; =100 ecm—3

n=107cm3 — p=10°cm™

3

conductivity determined by majority carriers (electrons in n-doped, holes in p-doped)

role of minority carriers negligible with

n = ND
p o~ MP_ M
= No Np
1
- = o=e-Np-pe
P
typical values:
pure Si Si p-type 1013 cm~—3
2.3-10% Qcm 500 Qcm
1D 2019 - LNGS ADF 2019/10/22
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l Si | Ge
Atomic number 14 32
Atomic weight u| 28.09 72.60
Stable isotope mass numbers 28-29-30 |70-72-73-74-76
Density (300 K) g/cm3| 233 5.32
Atoms/cm3 ecm™3[4.96 -10%2| 4.41.10%
Dielectric constant 12 16
Forbidden energy gap (300 K) eV| 1.115 0.665
Forbidden energy gap (0 K) eV| 1.165 0.746
Intrinsic carrier density (300 K) ecm~3| 1.5.101° 2.4-108
Intrinsic resistivity (300 K) Qcm| 2.3-10° 47
Electron mobility (300 K) cm?/Vs| 1350 3900
Hole mobility (300 K) cm?/Vs 480 1900
Electron mobility (77 K) cm?/Vs| 2.1-10* 3.6-10%
Hole mobility (77 K) cm?/Vs| 1.1-10% 4.2 10*
Energy per electron-hole pair (300 K) eV 3.62
Energy per electron-hole pair (77 K) eV 3.76 2.96

Source: G. Bertolini an A. Coche (eds.), Semiconductor Detectors, Elsevier-North Holland, Amsterdam, 1968
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ctor Detectors p-n Junction

p-n Junction

m bring p- and n-semiconductors into contact; thermodynamic equilibrium — Fermi-energies
of both systems become equal

before contact in contact
EO EO T 1
EE mmmm————— E.
E\
Ef cmmmmmmn
E, ! T
p-type o Mtype !
1
1
. it tnt
acceptors L.Z .44 donors
s 2 N

m bands deform
eVp equals difference between x, 0 X,
Fermi energies on p and n-side

depletion zone
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Semiconductor Detectors p-n Junction

m equilibration is achieved by electrons diffusing from n to p semiconductor and holes from p

ton

m at the boundary a zone with few free charge carriers (electrons and holes) builds up
'depletion layer’

m fixed charges are left behind (ionized donors and acceptors) — space charge
E-field builds up and counteracts the diffusion which stops eventually (like Hall effect)
with n &= Np and p & Ny, difference between Fermi energies on both sides gives

N, N
eVp = E.—kTIn—=—E, —kTIn—~
Np Na

Ne N,

= Egp—kTIn —

Np Na

Vp: diffusion/contact potential
PID 2019 - LNGS ADF 2010/10/22
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Semiconductor Detectors p-n Junction

n —t— p-type P

log n
0 \/— %

- No Depleti
pletion
F(x) region

K V. contact potential
) N,

Concentration
(log scale)

E]
o

! E(x)

n-region p = e(N} — nn(x)+ pn(x))
pregion  p = —e(Nj + np(x) — pp(x))

density of majority carriers n,, pp >  density of minority carriers np, p,
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Semiconductor Detectors p-n Junction

p-doping n-doping

potential and space charge related by Poisson doping concentration

equation No - Na

b#
ol
N
N

Mf_ﬂ x [um]

Ox? €€

. ier densit
but p(x) depends on the potential, need to carmer density

solve self-consistently

approximation: concentration of free charge
carriers in depletion layer very small
(approx. 0), abrupt change

n>0 — n=p=0 — p>0 -d, j
in reality over small length

(Debye length, 0.1 — 1 um)

space charge density

for steps in density: Schottky model WL E)
area of rectangles such, that overall region
space-charge neutral

0 for x < —dp
—eNa —dp<x<0

x) = 041 Upe (V)
p(x) +eNp 0< x<d, 02
—————
0 dp < x
! 102 X
404
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Semiconductor Detectors p-n Junction

thickness of depletion layer d, and dj: integrate Poisson equation in pieces
n-doped region:

PV(x) eNp
Ox2 a €€
oV e
E = -0 Np(dh—x)
Ox €€p
V(X) = Va(00) — ——Np(dn — x)?
2¢e€q

p-doped region equivalently
condition of neutrality: Npdp = Nadp

continuity of potential V(x) at x =0

e
H(/de,% + Nad3) = Vi(o0) = Vp(—0) = Vpp

2e¢eo0Vp Na/N 2e¢c0Vp Np/N
= d,= ecoVp Na/Np and dy — ecoVp Np/Na
e Na+Np e Na+Np

e.g. eVp Egap = 1leV dp 2 dp = 1pum
Na Np = 10%cm™3 E =~10°V/m

IR 1R

to achieve large width on one side choose asymmetric doping,
e.g. Np =10'2/cm3 and Ny = 10% /cm3 (need very pure material to start with)
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Semiconductor Detectors External Bias

External Bias

in presence of external field
most of the voltage drop U occurs in depletion layer (very few free carriers, large p)

Vi(o0) — Vp(0) = Vp — U

choose sign such that positive U is opposite to diffusion potential (contact potential)
Forward bias U > 0:
holes diffuse in n-direction electrons diffuse in p-direction, potential barrier is lowered

majority carriers recombine in depletion region: ‘recombination current’,
or penetrate to the other side: ‘diffusion current’,
depletion zone narrows

do(U) = dn(0) 1—‘%
B(U) = dp(0)1-

reverse bias U < 0:

electron-hole pairs generated in or near the depletion layer by thermal processes (or in the case of
detector by ionization) are separated: ‘leakage current’

depletion zone becomes wider (at 300 V order of 1 mm)

PID 2019 - LNGS ADF G



Semiconductor Detectors External Bias

forward bias

reverse bias

diffusion
current

potential barrier

recombination
current

pot
e

leakage
current

diffusion
current

ential barrier
increased

diffusion
current

note:

to maximize thickness of depletion layer, need high resistivity (pure material)

Gas Detectors
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Semiconductor Detectors External Bias

> signal

E + 4+ 4+
4+ +
|+ +
: p
o+ o+ =
I
S S
==
v depletion
layer
typical realization:
n* p*
P
$=10*Qcm
] " L
+U 1ym 300 pm 1 pm

pt, nt: very highly doped, conducting

+ + 4+, — — —: free charge carriers

dp +dp = dp = /2504
since Na < Np, Vp < U
with Ny 22 105 cm—3 =

U= 3 NAd,gElOOV

2eeq
100 V
|El =
(safe; spark limit at 107 V/m)

1%

— — =3.10°V
300 - 10— m /m

PID 2019 - LNGS AID)2 Sy
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SN Ta TPt  Signal Generation

Signal Generation in SD

in principle like ionization chambers:

if E const: each drifting electron contributes to signal current while drifting

i(t)

dg  dx 1 vp

= —e— =e
dt d dx/vp d

d: width of depletion zone
x: location where electron was generated

d-x _ d t
v tnax = V5~
Q(t)
capacitor charges:
v, vp d — x
Q=e2 . t=¢2
d d VD
t
PID 2010 - LNGS ADF 2019/10/22
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SN Ta TPt  Signal Generation

line charge of electrons across the depletion layer (constant ionization along track):

t t
i = Noev—D 1-\g(1_M
d d d
vp tsz tvp
t) = Noe— (t— O(1-—
e *“d ( d ) ( d )
integrated:
d N
Q (t: 7) - Le
vp 2

same signal for positive carriers (holes), thus in total

ADF 2019/10/22  23/56
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SN Ta TPt  Signal Generation

p* p n*
more realistic treatment: E-field depends on x
= eN, _ >
simple ansatz: |E| = A x n — -+ — U
€€Q
1 €€
and with 0 = — = eNpp4 and 7= «©o
p o
= X
|E| = — (721 ns) ! t I x
H+T 0 Xo d
- X _t
for an electron generated at location v =—pu_E= B X = X = Xp exp (L)
x inside depletion zone and mobili- Ht+ T H+T
ties independent of E:
P . b d
total drift time of electrons: ty=7—In | —
7 X0
e [ dx e pt
charge signal for t < t, _(t)=—= [ —dt=—=x|1—exp| —
ge sig d Q—(t) 7/ @ do( p(u+‘r>>
X
analogously for hole vi =purE=-= = x = xpexp (—t/7)
T

Q+(t) = —Gxo (1 —exp(—t/7))

PID 2019 - LNGS ADF G 2



SN Ta TPt  Signal Generation

Total charge signal:
Q-(ta) + Q(t = 00) = —e

signal rise time essentially
determined by

T=p-€-€

in reality a bit more complicated:

—axo(l—f)

el

X0

Q typical signal shape in
semiconductor detector

Qiot

- track not exactly a line charge (distributed over typically 50 pm width)

- p4 # constant

- some loss of charges due to recombination at impurities

for Si

Gas Detectors

PID 2019 - LNGS

T=p-10"2 s (pin Qcm), p = 1000 Qcm — 7 =1 ns
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Semiconductor Detectors lonisation Yield and Fano Factor

lonisation Yield and Fano Factor

mean energy per electron-hole pair

|E300 K‘ Eg7 K | Egap

Si|3.6 eV|3.8eV|1.1eV ~ % goes into excitation of crystal lattice
Ge| - 29eV|[0.7 eV
lattice vibrations: generation of phonons
typical quantum energy Ex = 0.037 eV
Energy loss AE = ionization: characteristic energy E; = Egap = 1.1 eV in Si

total: AE = E;N; + ExNy
assume Poisson distributions for both processes with o; = /N; ox = v/Nx

for a fixed energy loss AE:

sharing between ionization and lattice excitation varies as ExANx + E;AN; =0
on average: Eio; = Exox
Ex Ex
o = —0x = vV N,
) EI X E’ X
E. |AE i
using NXZ(AEfE,'N,‘)/EX g = = 77*’N,‘
Ei Ex X
EEEEINE SRS
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Semiconductor Detectors lonisation Yield and Fano Factor

_AE

N; = = in case of ideal charge collection without losses
0

o =B [AE_EAE_ [AE B(@_l)
"TE « E B \ B E; \E

—— N————

VN \/F F: Fano factor

Si: Ey=~36eV F=0.1
Ge: Ey=>~29eV F=0.1

\/N,'\/F smaller than naive expectation

due to energy conservation, fluctuations are reduced for a given energy loss AE
(the total absorbed energy does not fluctuate)

relative energy resolution

agj _ \/N,‘Fﬁ \/F o \/FEO 7‘7AE

N; Ni  VNi  VAE AE

example: photon of 5 keV, Ey = AE, oag = 40 eV 22 1% instead of 2.7% w/o Fano factor
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Semiconductor Detectors lonisation Yield and Fano Factor

200

AE pwhm [eV)
(%]
@

100

0 T T T T T T T T T T T T T T T T

)
3 £ 0 E [keV]

intrinsic resolution due to statistics of charge carriers generated, in addition noise and non-
uniformities in charge-collection efficiency

PID 2019 - LNGS ADF G )



Semiconductor Detectors Energy Measurement

Energy Measurement
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Semiconductor Detectors Energy Measurement

Energy Measurement with SD

for low energies, e.g. a-particles, low energy electrons or X- and ~-rays

4.5.1 lon implanted or diffusion barrier detectors
as described in previous paragraph: :.1- 27
p-material with n™ and p* surface contacts of 1

50 nm (ion implantation) or +Vg {

0.1 — 1 um (diffusion doping) thickness —[ 1 » ~;
+U applied at nt side ! [| m
p-layer typically 300 um thick, usually ;__v o i

'fully depleted’ i.e. depletion layer = p-zone P v d —

el

Disadvantage: nt contact layer acts as dead material for entering particles
m part of energy loss not measured — additional fluctuations
m very soft particles or short range particles like a's may not reach the depletion layer

4.5.2 Surface barrier detectors

contacts are very thin evaporated A .
2~ n- type
metal layers, 40 pug/cm= = 20 nm . ’ AL

sio,

ADF 2019/10/22  30/56
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Semiconductor Detectors Energy Measurement

2-band model of Schottky diode

metal and n-Si separate

ed)m == Sy
1 = — - — Ep(Si)
EF(metal)

Ey

(a)

ed,, work function metal

eds work function semiconductor < e®,
(otherwise interface would be conducting)
eXs electron affinity semiconductor

bringing metal in contact with n-Si:
electrons diffuse from Si into metal until
Epetal — £31 — strong E-field at surface

Gas Detectors

in contact

p(x) ()

E(x)

PID 2019 - LNGS
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Semiconductor Detectors Energy Measurement

metal — semiconductor junction acts as diode, region with high resistance
eVint = e(¢pm — Ps) potential barrier at surface for electrons in conduction band in Si

applying —U at metal: this barrier is increased — no tunneling (dark current)
current only due to ionization

depletion layer in n-Si up to several mm thick
used since the 1960ies for particle detection

—— Insulating rir
advantage of surface barrier detector: ring
very thin entrance window ~—. Melallized
surface

m energy loss negligible 17 Baaee® Il 00 T 77
m for detection of photons down to
eV energy range
but usually thickness too small for -ray
detection above 100 keV,
i.e. good for X-rays

™ Silicon waler

Melal case

Connector
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Semiconductor Detectors Energy Measurement

p-i-n detectors Ge(Li), Si(Li)

from 1960ies, trick: create a thick (cm) depletion layer with
intrinsic conductivity by compensation

1. start with high-purity p-type Ge or Si, acceptor
typically Boron

2. bring in contact with liquid Li bath (350 — 400° C)
Li diffuses into Ge/Si

3. apply external field — positive Li-ions drift far into
crystal and compensate B-ions locally

typically 10° cm~3 Li atoms

p-Si + Lit = neutral
p=2-10° Qcm possible
i.e like true intrinsic material

Gas Detectors

PID 2019 - LNGS
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Semiconductor Detectors Energy Measurement

p(x)

needs to be cooled permanently (lig. N2) to avoid
separation of Li from impurities by diffusion!

el

application: ~-spectroscopy

larger cross section for photo effect in Ge as
compared to Si
— Ge(Li) preferred

however: full energy peak contains only order of
10 % of the signal in a 50 cm3 crystal X
(30 % in a 170 cm? crystal)) V(x)

m resolution much better than Nal

m efficiency significantly lower U+Vp

X

external voltage U and diffusion voltage Vp

PID 2019 - LNGS T



Semiconductor Detectors Energy Measurement

ot

N\
/N [\
e N s -
\
. ¥ N\
o N f \
i Nal Jems \ /mo
- 5
s «
2y
e i 5, m\__
\ = | »
2o ¥ 1L 2.

s

ws g

Gas Detectors
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Ge(Li) detectors - a revolution
in v spectroscopy in the mid
1960ies:

comparison of spectra obtained
with Nal (state of the art
technique until then) and
Ge(Li)

comparative pulse height spectra
recorded using a sodium iodide
scintillator and a Ge(Li) detector
source of « radiation: decay of
108mAg and 110MAg, energies of
peaks are labeled in keV
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Semiconductor Detectors Energy Measurement

from late 1970ies

similar to Li doped Ge or Si detectors, but dark current is kept low not by compensating
impurities, but by making material very clean itself

by repeating the purification process (zone melting), extremely pure Ge can be obtained
(< 10° impurity atoms per cm?)

intrinsic layer like compensated zone in Ge(Li), similar sizes possible

advantage: cooling only needed during use to reduce noise

other applications
- low energy electrons
- strongly ionizing particles
- dE/dx for particle identification

useful energy range determined by range of particle vs. size of detector

PID 2019 - LNGS RO G



Semiconductor Detectors Energy Measurement

Bolometers

how to increase resolution further?
use even finer steps for energy absorption, e.g. break-up of Cooper pairs in a semiconductor
operate at cryo-temperatures

instead of current one can measure temperature rise due to absorption of e.g. an X-ray,
couple absorber with extremely low heat capacity (HgCdTe) with semiconductor thermistor
— excellent energy resolution: 17 eV for 5.9 keV X-ray, i.e. AE/E =2.91073

but low rate capability

applications: dark matter searches, astrophysical neutrinos, magnetic monopole searches

PID 2019 - LNGS T



Semiconductor Detectors Position Measurement

Position Measurement
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Semiconductor Detectors Position Measurement

Position Measurement with Semiconductor Detectors

4.6.1 Principle

segmentation of readout electrodes into strips, pads,
pixels

first usage in 1980ies

standard part of high energy experiments since LEP and
Tevatron era

limitations of position resolution

m J-electrons can shift the center of gravity of the track
estimate limit in Si for track incidence L detector:
rs range of d-electron
energy of d-electron such that Ns electron-hole pairs
generated vs N, for primary track:
assume ¢ L to primary track

_ Ns(rs/2)
Ns + Np

Ax

example:

100 pm Si, 5 GeV pion — 240 eV/um — N, = 6700
10% probability for § with T5 > 20 keV and rs =5 um
— Ax=x~1pum

worse for thicker detector: see Fig for 300 um Si

PID 2019 - LNGS

SiO:

300 pm|

15pm

Probability [%]

60

50

40
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20
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Centroid Displacement [pm]
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Semiconductor Detectors Position Measurement

m energy loss (Landau) fluctuations have influence on position measurement

A45°

45°
1.5 um 300 pm
AE, = 5.1 keV AE, =102 keV
10 % probability for 6 of 5 keV 10 % probability for 6 of 100 keV
— Ax < 4 pm but noise! — Ax = 87 pm but noise!

m noise: position measurement requires S > N
if signal only on 1 strip (or pad), resolution ox = As/\/ﬁ, independent of S/N
if signal on several strips = more precise position by center-of-gravity method (see below),
but influenced by S/N

m diffusion: smearing of charge cloud (see gaseous detectors, transverse diffusion)
initially helps to distribute signal over more than one strip
but 2-track resolution and S/N deteriorate with diffusion

m magnetic fields: Lorentz force on drifting electrons and holes: track signal is displaced if E
not parallel B, increasing displacement with drift length

PID 2019 - LNGS AID)2 Sy
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Semiconductor Detectors Position Measurement

charge distribution registered for a semiconductor detector with or without magnetic field

no field B=168T
i
l
L ]
= | U=120V
S 1
o B=0T
i3 |
=~ [ 3
Z r g
2 | & B=168T
5 c=6u —::
e Z '
E
2 ! a
- \ &0
=
, L} Ko .
10 X[yl - . X
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Semiconductor Detectors Position Measurement

Si vertex detectors

/ /
/ /
main applications: / /
. . _ per At anatlead A fias oA
m tracking of particles close to primary 7 Vi
vertex before multiple scattering
= good angular resolution y ”
m identification of secondary vertices / /
¢, b, 7 decays T =10712...107 13 g,
yer 22730 pm W"’M :
‘b-tagging’ for top or Higgs decays / 7
/ /
/ /
/
J‘] gl T
/ /
example: 4 layers microstrips of H1 experiment
/ /
=
/ /
/
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Semiconductor Detectors Position Measurement

example: CDF

discovery top quark
3 Si-layers at
r = 1.5, 5-10, 20-29 cm

total active area approx. 10 m?

D* — Krr mass peaks
before and after 7o vertex cut

Gas Detectors

4000

before and after vertex cuts
i 5 |

’ fi ; |

f ] ‘

i i '

i [
Ww"www Y, [ |
L t ;’*}“h*’”#f—“a*,.&« ’ {
L ! fiu thﬁﬁ*“fﬂﬁ*lﬁ*‘“ : %"ﬁ“ﬁ«?“’.‘f“o
8 1.8 1.9 1.8 1.8 1.9 1.95
M(K*n™ e M(K*n™n") GeV/c
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Semiconductor Detectors Position Measurement

Jet 2 Jet3
Jet 1
example (CDF): detection of 2 b-jets from tt-decay
p+p—tt+X s
L b+ wt \- 1/’
Ly et + Ve ¥ ) ! '
s b+ W~ i | 1, =45mm
— qq (2 jets) 1, =2.2mm
+ JET 4
c
v

Mg, =170+ 10 GeVie?
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Semiconductor Detectors Position Measurement

Microstrip Detectors

principle and segmentation see above
typical pitch 20 — 50 um
width of charge distribution (for L incidence) 22 10 pum

signal in 300 pum Si: 22 25000 e for minimum ionizing particles

order 100 channels/cm?

read-out:
m resistor network for charge division
(x) = Ld
Q1+ Q2
charge sensitive preamplifier
disadvantages:

e only 1 hit per event and detector

e R has to be large enough for good
S/N

e slow due to RC of resistor chain
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Semiconductor Detectors Position Measurement

Double-sided Microstrip Detectors

doped p-type

doped n-type

between nt side strips, additional strips are needed for insulation:
SiO;y surface layer: positive space charge = e~ layer in n-material
pt blocking electrodes for separation of n' strips

n
used in:

B DELPHI, ALEPH, H1,
SEeery  ETEEESY  EEETEES ZEUS, HERA-B, CDF,

1704477 ) - i dddd . WAL 22d4 - ///S‘L 02 Do
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Semiconductor Detectors Position Measurement

Silicon drift Detectors

proposed by Gatti and Rehak in 1984, first realized in 1990ies
potential inside wafer has parabolic shape (see next page), superimpose linear electric field

|
U

0.27% X%,

["250 pm

I charged particle

wafer can be fully depleted by reverse bias voltage n-type bulk Si with p+ electrodes on
on a small n+ anode implanted on wafer edge both flat sides

PID 2019 - LNGS
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Semiconductor Detectors Position Measurement

analog to gaseous drift chambers: charge .
carriers drifting in well-defined E-field 00

measurement of drift time
= position of ionizing track

typical drift time: a few us for 5 — 10 cm 20.0
ty

A8

Ulv]

first example CERES at SPS:
radial Si drift-chamber

300.0 400.0
Ylul
potential shape in Si drift-chamber:
trough-like shape due to positive space charge in
depletion area, slope from external voltage divider

readout: 1° sectors in ¢, 256 time samples
(flash ADC) for determination of r,
equivalent of 1 plane in a TPC
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Semiconductor Detectors Position Measurement

Pixel

Detectors

principle: like micro-strips, but 2-dimensional segmentation of p* contacts: 'pixel’
each pixel connected to bias voltage and readout electronics

U
[ P>
>
[ >

advantage: 2-dim information like double-sided micro-strip,
but more simultaneous hits per detector allowed
low capacity and thus low noise = good S/N

disadvantage: large number of read-out channels = expensive, large data volume
pixel contacts are complicated ("bump bonding' or 'flip chip’ technologies)

typical pixel areas ~ 2000 um? — order 5000 channels/cm?
square (150 x 150 pm?)
rectangular (50 x 300 um?)

hit resolution: Ax/+/12 and Ay//12

examples: all LHC experiments
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Putting all together: pixel, strips and drift

the challenge at LHC: 14 TeV pp-collisions seen with the ATLAS pixel detector
high rate, high hit density, radiation damage

~ 1000 tracks every 25 ns or 10'/s
= high radiation dose

10— @ LHC
- 10a

cm
or
600 kGy (60 Mrad)
1kGy = 1J/g

through the ionization of mips
in bulk silicon

LHC 22 10°x LEP in track rate!
detectors in ATLAS and CMS need to be
replaced by 2018
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or Detectors Position Measurement

ATLAS pixel detector: 5 cm from collision point

rear contact
—_—

Sensor-substrate
(n-doped, depleted)

semiconductor pikel detector ohmic contactil

pixel contact

flip-chip
bump bonding

CMOS-Elektronics

chip substrate

n
-}
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Lecture Summary
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