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Typical tracking device in particle physics: silicon strip
detector

p* electrode

pitch
R

n substrate |

charged n+ electrode

particle

Two coordinates
measured at the same
ﬁ[ time

r! Typical strip pitch ~50um,
" resolution about ~15 um




Why semiconductors?

« Energy resolution of a detector 16 |
depends on statistical fluctuation
in the number of free charge
carriers that are generated during
particle interaction with the
detector material
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« Low energy needed for generation
of free charge carriers — good
resolution

€=(14/5)E+r(fw ) 7]
0.5<r(fiwg)<10eV

RADIATION IONIZATION ENERGY (eV)
@

« (Gas based detectors: a few 10eV 2
e Semiconductors: a few eV!

BAND GAP ENERGY (eV)

C.A. Klein, J. Applied Physics 39 (1968) 2029
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Comparison: radiation spectrum as measured with a Ge (semiconductor)
in Nal (scintillation) detector
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good energy resolution — easier
signal/background separation
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Principle of operation:

Semiconductor detector operates just like an ionisation chamber: a
particle, which we want to detect, produces a free electron — hole pair

by exciting an electron from the valence band:

conduction
® clectron band
E forbidden band, width E
g g
hole
valence band
“-& / °‘-\ /,—-0—--.\ L’ --\ /,—-—‘O'—\\ },——‘0'—\\ /
/ L { Valence Free ’70\‘“0“"0\“°""/ i
lectron o 0 o 0 )
R } electrons e
FEE P s
\ / / \ } Semiconductor Hole i 7 T G o C( 7
i ol o Wb o il o D o B o
(@) /) [\ [ (b) [ A /M

Fig. 10.2. Covalent bonding of silicon: (a) at 0 K, all electrons participate in bonding, (b) at higher tempera-
tures some bonds are broken by thermal energy leaving a hofe in the valence band
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Drift velocity in electric field:

U mobility

different for electrons and for holes!
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properties of semiconductors

p [kgdm3] | ¢ E,[eV] Ue [cm?V-1s 1] |y, [em2V-1s ]
Si 2.33 11.9 1.12 1500 450
Ge 5.32 16 0.66 3900 1900
C 3.51 5.7 5.47 4500 3800
GaAs 5.32 13.1 1.42 8500 400
SiC 3.1 9.7 3.26 700
GaN 6.1 9.0 3.49 2000
CdTe 6.06 1.7 1200 50
V. Cindro and P. Krizan, Semiconductor detectors
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Intrinsic (pure) semiconductor (no impurities)

n - concentration of conduction
electrons

p - concentration of holes

N(E) density of states

Et F(E) =
N(E)F(E)dE L+exp(" )
n p—
.[ ( ) ( ) kT DIAMOND
Ec E- Fermi energy level Cnf%Shnld
Fermi-Dirac
Pure semiconductor distribution See Modern Physics 2
Neutrality: n= for a detailed discussion
— =p
Ec + Ev 3kT mh . .
Er= + In(—) , ratio of effective masses of holes
2 4 m. and electrons
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E_ energy of the bottom of conduction band

(E.— Er) E, energy of the top of the valence band
n = Noxexp(==—-—) E,=E,-E, width of the forbidden band
_ N, N, : effective density of states in the
(Er—E)) o Ny
p =N xexp(— T ) conduction and valence bands

E
nxp=n; =NN,exp(-—%)
kT

E
n, = /NN, exp(——)

2kT

n; number density of free charge carriers
in an intrinsic semiconductor (only for
electrons and holes)

At room themperature:
n.=1.4x10"cm™[Si]
n =24x10"cm™ [Ge]

out of 10* atoms cm ™
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Fig. 11 Intrinsic carrier densities of Ge,
Si, and GaAs as a function of reciprocal
temperature. (After Thurmond, Ref. 20.)

10



Signal vs background

Assume a gamma ray of E=370 keV is absorbed through photo-effect in a
detector, a Si cube with 1cm sides.

The number of electron-hole pairs is 370keV / 3.7eV = 10°

Number of electrons in the conduction band is 1.4 101°

- Need a material free of charge carriers

- Combination of the differently doped Si crystals (p-n junction) with a bias
voltage

V. Cindro and P. Krizan, Semiconductor detectors 11
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Properties of semiconductors are modified if we
add impurities

 Donor levels — neutral, if occupied
charged +, if not occupied
» Acceptor levels — neutral, if not occupied
charged -, if occupied
shallow acceptors — close to the valence band (e.g. three-valent atoms
in Si — examples B, Al)
shallow donors — close to the conduction band (e.g. five-valent atoms
in Si—examples P, As)

DO QOO Db
Q00 @O D0
(oHoNoNENO¥oHO! @@@

impurities. (b) n-type Si with donor (phosphorus). (¢) p-type Si with acceptor (boron).
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n-type semiconductor, with added donors
p-type semiconductor, with added acceptors

Binding energy of a shallow donor state is smaller because of a smaller
effective mass and because of the diectric constant (11.9 for Si)

 13.6er
for Si ™ ~0.05eV

2
&

In most cases it can be assumed that all shallow donors (acceptors) are
ionized since they are far from the Fermi level.
Neutrality:

n+N,=p+N,
As a result, the Fermi level gets shifted:

E.—E =kTIn(—* if Np» N, , n type semiconductor

ND
nl

E —-FE.=kT ln(& if Ny» Ny, p type semiconductor
n.

1

V. Cindro and P. Krizan, Semiconductor detectors
IJS and FMF

13



Properties of semiconductors with imputies
(doped semiconductors)

e R T

CONDUCTIGN
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Fig. 14 Schematic band diagram, density of states, Fermi—Dirac distribution, and the

carrier concentrations for (a) intrinsic, (b) n-type, and (c) p-type semiconductors at
thermal equilibrium. Note that pn = n? for all three cases.



Resistivity of semiconductors

v, =u-E Charge drift in electric fieldu E, p mobility
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Fig. 21 Resistivity versus impurity concentration for silicon at 300 K. (After Beadle,
Plummer, and Tsai, Ref. 38.)
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p-n structure

At the p-n interface we have an

P n . .
R Mt “E""’“ﬂ'“‘*“’"* inhomogenous concentration
®® ® OV, " conon of electrons and holes = difussion of
@@ g g DENSITY . . .
T R m— (@ electrons in the p direction, and of holes
Soo| aume s into the n direction
EE;S#?:EFTDR 001 IMPURITY IONS
M eee
x *n At the interface we get an electric field
e 1o .

(Gauss law)
ME""'%':!:E"'NS.:ITL (b)
- kT, N,N,

v Potential difference Vbi In 2
vrl (cl q nl

V,; = built-in voltage difference,

ﬂ order of magnitude 0.6V

£y La :
_'_\_“_“" To the signal only those charges can
Ey . .
P " contribute that were produced in the
(from Sze, Physics of Semiconductor Devices) qepleted region with a non-zero electric
field >
V. Cindro and P. Krizan, semicond. 1N€ depleted region should cover most

IJS and FMF of the detector volume!



How to excrease the size of the depleted
region: apply external voltage V.
« if the potencial barrier is increased, the depleted regic

increases -» larger active volume of the detector — voltage !
in the reverse direction i )

» if the potencial barrier decreases, the active volume is ¥ ‘
reduced, we get a larger current, voltage is in the
conduction direction.

The height of the potential barrier: V=V, .+ V),

+ Vbias

How large is the depleted region (x,+x,)?
Neutrality:
N, x, = Ny x,,

d’v P. _ eoN .4

For the electric field we have the Poisson equation: dx’ €, g&,
dv N
d_:{—e‘)—d(x—xn) 0<x<x,
X €€ The electric field varies linearly as a

e, N, <y <0 function of the coordinate,
&e (xtx,) —x,<x< potential quadratically
0

V. Cindro and P. Krizan, Semiconductor detectors 17
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2ee,V,

— bias )1/2

X
" “e,N,(1+N,/N,)

1/2
X = 2 880 I/bias
? | eN (1+N_ /N,

1/2
2¢eV,... (N, +N,)
— — 0" bias a d
d=x, +x, —( ; Y
0 a*Vd
2ee V. v increases as V,,..."72
ce V.. "
example: N, >> N, =>d ~x, ~| — b ias
e,N,

in terms of the spec. resistivity p:

d ~ (Zggopnluer/bias )1/2

12 ] if p=20000kQcm and
0'53(pnl/bias) Ile n type Vbias=1 V N d~75”m

example: silicon d = 1n
0.32(p, V)" 1 m p-type

V. Cindro and P. Krizan, Semiconductor detectors 18
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Leakage current

= current in the reverse direction

difussion current:
 difussion of minority carriers into the region with electric field

« current of majority carriers with large enough thermic energy, such
that they overcome the potencial barrier

generation current: generation of free carriers with the thermal
excitation in the depleted layer

V. Cindro and P. Krizan, Semiconductor detectors
IJS and FMF
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The probability of excitation is dramatically increased in the presence of
intermediate levels.
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generation current:

Joen € NT > exp(— 2kgT ) N, concentration of traps

— high T — high generation current
— wider forbidden band E, lower generation current

Consequence: some detectors have to be cooled (Ge based,
radiation damaged silicon detectors)

V. Cindro and P. Krizan, Semiconductor detectors
IJS and FMF
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metal-semiconductor interface (Schottky barrier)

Metal

Semiconductor

ACUUM LEVEL

T T
aPen T =
1 = =
By b SO Ol P = e K
Ey

L e ey
— 1 4
— . ¥, - — — — E,
Ev
4
p [
E x
y x
Fig. 3.9a—e. Metal-semiconductor contact (a). Description in the
type semiconductor separately in thermal equilibrium

together (c); charge density (d); electric field (e)

V. Cindro and P. Krizan,

IJS and FMF
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Semiconductor detectors

X electron affinity

& work function

Assumption @, >d,

Vbi = q)m' (Ds



58 3 Basic Semiconductor Structures

n - TYPE SEMICONDUCTOR p- TYPE SEMICONDUCTOR

No external voltage

voltage in the conduction direction

S E——

voltage in the reverse direction

q(Vpi* V-

(c)

Fig. 3.10a—c. Energy band diagram for metal n-type and p-type semiconductor junction: in
thermal equilibrium (a); with forward bias (b): with reverse bias (¢). (After Sze 1985, p. 164

Fig. 4)

Ohmic contact: high concentration of impurities — thin barrier — tuneling

V. Cindro and P. Krizan, Semiconductor detectors
IJS and FMF
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Manufacturing of semiconductor detectorjev

1. manufacturing of monocrystals in form of a cylinder:
« Czochralski (Cz) method

Furnace

Figure 3.4 A schematic illustration of the basic features of a
Czochralski crystal growth process.

Liquid silicon is in contact with the vessel — higher concentration of (unwanted)

impurities

V. Cindro and P. Krizan, Semiconductor detectors 24
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Float zone method:

A
POLYSILICON —f ,\{ A(g
FEED ROD No contact of the liquid
RE COIL —=0 semiconductor with the walls —
' ?co)lﬁEEN higher purity of the material.
SINGLE —+ Figure 2.2: Schematic setup for
CRYSTAL
the Float zone (FZ) process (after
[Sze85)]).
<—TAPER
SEED NECK
SEED HOLDER
b,
#
V. Cindro and P. Krizan, Semiconductor detectors 25
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n - Si |
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Rn+

Figure 7: The planar process for detector fabrication (from reference [24]).

-— n-Si

OXIDE PASSIVATION

OPENING OF WINDOWS

DOPING BY ION IMPLATATION

B : ISkeV 5x10'® cm™2
As : 30keV Sx 1015 c:rn‘2

ANNEAILING AT 600 °C, 30 MIN

AL METALLIZATION

AL PATTERNING AT THE FRONT
AL - REAR CONTACT

Photolitography for pattern fabrication

V. Cindro and P. Krizan,

IJS and FMF
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Typical tracking device in particle physics: silicon strip
detector

p* electrode

pitch
R

n substrate |

charged n+ electrode

particle

Two coordinates
measured at the same
ﬁ[ time

r! Typical strip pitch ~50um,
" resolution about ~15 um




Signal development in a semiconductor detector
1. interaction of particles with matter (generation of electron — hole pairs)

(d—Ej oC pg for M.I.P. (minimum ionizing particle, Z =1)
dx ion A

ld_Ezlﬁ Mel_/z ,B:ZzO.%
o dx gcm ¢

2. drift of charges in electric field causes an induced current on the electrodes
(signal) — similar as in the ionisation detector

3. Electric field in a uniformly charged volume

sz _ pe _ eONa,d

2
dx EE, &,

- E a—x for a negatively charged volume
(depleted p doped region)

V. Cindro and P. Krizan, 1JS and FMF



Signal development 2

Relation between charge carrier propagation
and induced current:

detector volume V=S*d
*V n = concentration of carriers

|=j*S  current through surface S
|=e,*v*n*S

For a single drifting electron:
n*V=n*S*d=1
n*S=1/d

and therefore for a single drifting electron we get:
|I=e,"v/d

and

dQ*d = ey"dx



dQd = dx Signal development

1
1

—_ N« For an electron-hole pair created at x, in
- A

20 p-n detector, p-doped and higly n doped (n+)
E:—i, with 7=pgg, and l:eNAyh
u,T P P N
dx U x //
clectrons: | —=v=—pu E="%— / S —o+V
dt lue luh T ;%ff i
A
x(1) = x, exp[’uet] ol___Xo d_
Hy T
d eN,d =
Qe(t)z—g(x(t)—xo)z—ixo exp KoL -1 ‘ for t <72 1n 3 ' _________
d d Hy T He X

dx X
‘Eoles: —=v=u F=—
dt Hi T

x(t) =x, exp(— ij
T

e e y

(]




electrons:

Qe<r)=—§<x(r>—xo>=

holes :

Qea):g(x(r)—xo):

Signal development 3

For an electron-hole pair created at x,

—exo[exp('uet]_l fort < f&lni
d /ue xO

Fig. 10.10

. Signal pulse shape due to a single electron-hole pair in an np junction



dE | dx Nu_mber of € (eV)
pairs/cm
[MeV / cm]
Si 3.87 1.07 10° 3.61
Ge 7.26 2.44 10° 2.98
C 3.95 0.246 10° 16
gas ~keV/cm a few 100 ~30
Scint. ~300-
1000/ph.e.

Si on average ~100 electron-hole pairs /um

V. Cindro and P. Krizan,
IJS and FMF
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Radiation damage

Damage caused by:
« Bulk effect: lattice damage, vacancies and interstitials
« Surface effects: Oxide trap charges, interface traps.

NIEL hypothesis (not fully valid 1):
damage =« energy deposition in displacing collisions

104E_ R LR IRk IR IRk LA B ""'"l--._:\"""'l hER IR DL IR I I
Rel. damage —~ 103; -
function -': .
(normalized = 107F jD(E)dE
to neutrons T 1{115 DMV _ __protons
E & \‘
MY = D(E, =MeV)
Lg_, 10°F e e S lrk “TW
af ! pions
~ 10 | .
~ . .
L\.L.'J__. 10
Q 107
10

107 . - J
o 101107 10% 107 10® 10 10* 107 10~ 10" 10° 10! 10° 10° 10°
C. Joram, Academic training, CERN, 2002 particle energy [MeV]



Main radiation induced

2. Change of depletion voltage. Very problematic.

macroscopic changes g .
() 1000:— > v
% 500F type mversion 10 g
Il . - “Donor —_
1. Increase of sensor leakage current = 123_ S i/ 104 cm2 3100 2
— S “Acceptor —_—
10" F ' ' Z 10 \l‘\\ creation” 0
. @& n-type FZ -7 to 25 KQem A o 5E ¢ t;l: E 10 %
& n-type FZ -7 K&lcm L [ n-1type p ty pe
o 107 & n-type FZ -4 K{lcm ,ﬂ’cﬁ- 5 I|||' 1 E
E’ O n-type FZ -3 K{lcm £ 1_ L | L L 10_1
° 103 _ = p-type EPI-2 and 4 Kﬂcmmfﬁﬁﬂ 10'1 100 101 10?- 103
i / (Deq [ 1012 Cnl-z ] [Dat= from . Wunstor 92]
4f V n-type FZ - 780 Qcm
> 10 _ © n-type FZ - 410 £2cm ] o
— 5 A n-type FZ - 130 L2cm 3. Decrease of the charge collection efficiency
<1 1051 & n-type FZ - 110 &2em
:ﬂ/d:‘ ® n-type CZ - 140 L2cm +
[ m p-type EPI- 380 &cm A+ +
10 , , , T T + 7 - — ‘T_f+ - Charge
101! 1012 1013 1014 1013 n ++ - T + _i l tragp]!ngt
-2 + = INn detecls
(I)eq [cm ] aly _l l N Y, —J

How to mitigate these effects?

« Geometry: build sensors such that they stand high depletion voltage (500V)
« Environment: keep sensors at low temperature (< -10°C) - Slower reverse

annealing. Lower leakage current.

C. Joram, Academic training, CERN, 2002



Absorption of gamma rays

 Photoeffect

A =7 (Ex <E, <m,c”)

I

1
O-ph oC ZSE— (E]/ >> mecz)
Y
gamma ray photo-electron
« Compton scattering
o/
 Pair production

oocZ?

V. Cindro and P. Krizan, Semiconductor detectors 35
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Figure 13.22 Photoelectric, Compton, and pair production linear attenuation
coefficients for Si, Ge, CdTe, and Hgl,. K-shell absorption edges are shown.

(From Malm.46)

V. Cindro and P. Krizan,
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Figure 2.13 Transmission curve for monoenergetic electrons. R, is the extrapolated range.
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Figure 2.14 Range—energy plots for electrons in silicon and sodium iodide. If units of ma
thickness (distance >< density) are used for the range as shown., values at the same electrc
energy are similar even for materials with widely different physical properties or atom
number. (Data from Mukoyama.?%)
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Figure 12.15 Pulse height spectra taken with a p-type HPGe detector with 110% rela-
tive efficiency, defined on p. 450. (Spectra courtesy R. Keyser, EG&G ORTEC, Oak
Ridge, Tennessee.) (a) Spectrum recorded from 662 keV gamma rays emitted by a 137Cs
source showing the effects of photoelectric absorption and Compton scattering in the
detector. In addition to the backscatter peak, Compton continuum, and full energy peak
features, a small sum peak is evident from pulse pile-up (see Ch. 17), as well as a small
peak from 1460 keV background gamma rays from 40K. (b) Spectrum from 1460 keV
gamma rays emitted by 40K that now shows the additional effects of pair production tak-
ing place in the detector and surrounding materials. Both single escape (SE) and double
escape (DE) peaks can be seen, along with the peak at 511 keV due to annihilation radi-
ation produced by pair production interactions in surrounding materials.

V. Cindro and P. Krizan, Semiconductor detectors
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Germanium detectors

Li-contact (0.5 -1.0mm)

+

:p core  inactive
‘\

active region

Closed- End Ge (Li)

Li -contact (05 - 1.0mm)

+
I-.—_

- §

“~p core inactive

1™ active region

True- Coaxial Ge (Li)

Fig. 10.18. Coaxial configurations for ger-
manium detectors. Lithium is drifted in from
the sides leaving an insensitive core (from

PGT detector manual [10.21})

Li-contact (0.5 - 1.0mm) +
™\ [

Cb or
T lon ~ implanted or

evaporated contact

-y . .
™~ active region

Coreless Ge (Li) or P -type IGC

Li- contact (0.5 1.0rmm)}

—1

C -
—&” ————— lon - implanted or

.l [ evaporated contact

[ active region

+

Hole through Ge(Li) or IGC

ion—imptanted contact { 0.2 /um)

!

]

]

W=

: C[h" Li diffused contact
|

Closed-End N-type IGC
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Energy resolution of gamma detectors

Depends on the statistical fluctuation in the number of generated
electron-hole pairs.

If all energy of the particle gets absorbed in the detector — E, (e.g.
gamma ray gets absorbed via photoeffect, and the photoelectron
is stopped):

on average we get

gamma %

photo-electron
N, = EO \/

g~ 3.6eV for Si

~ 2.98 eV for Ge
Average energy needed to
create an e-h pair

generated pairs

V. Cindro and P. Krizan, Semiconductor detectors 40
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dN
any FWHM
dH Resolution R = IT;

0

H

Figure 4.5 Definition of detector resolution. For peaks whose shape is
Gaussian with standard deviation o, the FWHM is given by 2.350.
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If we have a large number of independent events with a small probability
(generation of electron-hole pairs) — binominal distribution — Poisson

Standard deviation — r.m.s. (root mean square):

o=+ N.

l

The measured resolution is actually better than predicted by Poisson statistics

V. Cindro and P. Krizan, Semiconductor detectors 42
IJS and FMF



* Reason: the generated pairs e-h are not really independent since there is
only a fixed amount of energy available (photoelectron looses all energy).

* Photoelectron looses energy in two ways:
- pair generation (E; ~ 1.2 eV per pair in Si)
- excitation of the crystal (phonons) E, ~0.04 eV for Si

N, Average number of crystal excitations

N Average number of generated pairs

o, =N, standard deviation

Since the available energy is fixed (monoenergetic photoelectrons):

EAN.=—EAN = Eo.=F & E; = energy needed to excite a_n
b 7 b R electron to the valence band (—Eg)

E
=0, = Ex N Width of the energy loss distribution

X

i
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: - ~ _E,—E,N,
EN+E N =E,=>N, =—" N

Ex
E |E -E N, _E
0, = 5| —— make use of N, =—2
Ei Ex g, 250
3 E g B %200— 2T
:>O'l-=\/Nl. x(—l—l)z FNZ ?50: SILICON
Ei Ei % GERMANIUM
E 100
F Fano factor — improvement in resolution ¥ 50
e
F ~ 0.1 for silicon 0 s BB B
F1G. 2.12. Intrinsic resolution of silicon and germanium detectors vs. energy.
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