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Reserved Quantity

p(P) = const. 2 |dr exp(-if:f)'g’j(f)-_ f’+(£-')l"‘

J
(Independent Particle Model) j-electron state
Annihilation rate: Lifetime:
P IP (f’)df; T = ?\_1

P



Positron In condensed matter ‘

E Thermalization . et
B energy loss through electron/phonon excitation :

F 1-3ps .
B Penetration depth ~ E/p /. /
B Diffusion '

. L_,_ ~ 100 nm
F Positron wave function in [110] plane of GaAs

¥ Annihilation
E mainly with emitting
of two y-quanta

3y /2y =0.27%

(710] directipy,



2y-annihilation ‘

E Sensitivity to electron momentum
energy and momentum conservation leads to

B angular correlation of p,=myec—1/2p, PL

annihilation radiation g ~ /mc\(\pT]/\
= p
® Doppler broadening of Pr ’ 0

annihilation line p=myec+1/2p,

p — momentum of e*-e- pair

P,, P, —Y-quanta's momentum

P Sensitivity to electron density
» Positron Lifetime Spectroscopy (PALS)

positron diffusion: ., = /D T, during 1, — positron bulk lifetime
annihilation rate:

A=1/t,=m1,-c|w (Oy_(r)ydr

the lower the electron density is, the higher is the positron lifetime



Positron source I

B (-decay of radioactive isotopes

“Na—>3Ne+e" +v

Radionuclide | half-life | Maximum | y-rays 22 \g
energy intensity
t,,=3.7ps ) B 90.4 %, EC 9.5 %
22Na 26years | 545keV | 100 %
v 1274 keV ) B+ 0.06 %
BCo 71 days 470 keV 99 % —
84Cu 12.8 hours | 1340 keV | 0.5% o0 Ne
B Energy distribution after 3*-decay B Moderation
T T T T T T T T T W {110} single crystal foil
10—2 | After moderation i (negative workfunction) .
— -3 M SO Y| i fraction
< 10°F 1
i 10_4 i 2 2Na emission spectrun'- annihilation =13%

thermalization diffusion

monoenergetic o () 5%
" A
pasitrons
Bty

E®3.cV

positron  source

7

L L ] 1 1 1 L L
107" 10% 10" 10% 10% 10* 105 108
Positron energy [eV]

JSast positrons =g7v,
s

up to several 100 keV




NW)= mic2 8- Vi~ (52-17)




Positron Annihilation Lifetime Spectroscopy (PALS)

B Technique

B v-detection: scintillator + photomultiplier
B Time between positron penetration and
it's annihilation in a sample is measured
F 3-6x10° are accumulated in a spectrum

E Mathematics

¥ probability n(t) that e* is alive at time t:

A - positron annihilation rate

F Positron lifetime spectrum in bulk:

A £

nit)y=e

slope of the exponential decay

)’bufk —

1

bulk

v

Intensity

-
=
™y

-
Fa

-
<
Ty

5
=

-
c:--

dn(t)
dt

=-An(t)] n0)=1

Sit, ,=219ps
GaAsZnr, =230 ps

100

200 300 400
Channels



Annihilation-Line Doppler broadening Specitroscopy.

B Doppler effect

B electron momentum in propagation direction of 511 keV y-ray leads to
Doppler broadening of annihilation line

V1 P 10+ ¢ annihilationf s .
>, [ in GaAs : 1
0 Pr P 2 0.8 -
Q@
£ 06t o
Y2 = . _
N 04 L FWHM =26 keV lngvHM:1.4 keV |
¥ Technique £
"22-Na source § Gar ]
\ 0.0 w7 ,@-‘-“‘ = 2 L
— 506 508 510 512 514 516 518 520
amp
et e MCA y—ray energy [keV]
e Detector F.-E =p,C
VAR NAVAXSENAVE > [ [ADC }-{Memony] "B =P
BT REE AR E., E, - energy of y quanta




Annihilatien-Line Doppler broadening spectioscopy.

* Data Treatment [ Game | on s o
B Line Parameters — | ® Plastically deformed —T——T—
= A~ Reference 28
« “Shape” parameter 5 | £ %
4 E+E, g
S==2, 4, = [NydE 5
AO E,-E, E‘
. “Wing” parameter 3
E, .
= A, = [N,dE
4 5

504 506 508 510 512 514 516
F Information y-ray energy [keV]

B Both S and W are sensitive to the concentration and defect type
F Wis sensative to chemical surrounding of the annihilation site, due to
high momentum of core electrons participating in annihilation



Positron trapping at crystal lattice defects

e’ source thermalization

,00/0000

 diftusion

6Q 0000
y quantum due to B* decay diffusion

(1.27 MeV) length:

000 7=100 nm

000000

trapping annihilation y quantum
(mye? =511 keV)
* positron wave-function can be localized in the attractive potential of a defect
* annihilation parameters change in the localized state (e.g. positron lifetime)
+ defects can be detected (identification and quantification)




Positron tro,pping by open volume defects

incrta sing preference ’

grain boundary agglomerate

method parameter
% 1S W
AC | H
LT T . T

[ r— e - v o

L , defect
’ sensitivity rt:msev—l concentratisn, N

0.1 — 200 ppm  mowo Nacawncieg

wmetals: 2% — 10° WP  dislocations
laﬂiu' $izes Geen; 2 -~ S50 -.ul.mug{d mono-

Nacaniss

TRAPPING MODEL
~ rate equation approach (vmadgs‘dishcuﬁus’
® = [defect * N

= diffusion Limited approach (vacen lemerates -
f " shepe o?i:c:‘fwiu}st\ﬂ) ®r = "t]\-f‘ehi])...-'\‘



Sensitivity limit of positron annihilation

S parameter

monovacancy in Si

10° 10" 10° 10> 10° 10° 107

Vacancy concentration



Positron Annihilation Lifetime Spectroscopy

B Physics

B one-defect trapping model
annihilation from bulk with A =1/, s
trapping to vacancy-defect with K s
annihilation from the defect with A =1/z,
two-component lifetime spectrum

N@O =1/t exp(-t/t)+1,/T,exp(—t/1,)

B Information

©, — reflects the electron density
defect concentration C

L1 1
Il TZ

C

Fin
P

K =
Ty

vacancy type (mono-, di-, vacancy cluster)

bulk
J'trapping rate K

trapping

annihilation

1
T4

* GaAs =350 ps 1, =280 ps
« GaAsiZnr =230 ps

55w e e g,

Intersity

(4]
Channels




Monoenergetic positrons obtained by moderation

semiconductor technology: thin layers (epitaxy, ion implantation)
broad energy distribution due to * decay

* some surfaces: negative workfunction = moderation (but rather inefficient)

Energy distribution after B* decay Effect of moderation

22Na emission spectrurt
thermalization

101 10% 10" 102 10° 10% 105 108

W (110) single crystal foil
(negative workfunction)
L After moderation il — 2ym —— fraction

annihilation =13%

diffusion

monoenergetic  ~ () )5%
2

positrons
[ ——

E® 3 eV

Jfast positrons =g§79,

I positron source |
&
:

Positron energy [eV]
.

up to several 100 keV



Conventional positron beam technique

* positron beam can be formed using mono-energetic positrons
* often: magnetically guided for simplicity

source [ExB fiillter collimator accelerator

l
LUK

A\

sample

/ J ...... B , f((”f

moderator . v=0... 50KV
magnetic
ExB - guidance field

* defect studies by Doppler-broadening spectroscopy

0..5pm
penetration depth

* characterization of defects only by line-shape parameters or positron diffusion length

* for positron lifetime spectroscopy: beam can be bunched
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0.0 0.2 04 0.6 0.8 1.0 12
surface
oxid ™ 4.5i485nm | Si0, (600 nm)
to3sgE L e]1035
1020 =——— 0—e 4 1.020
> 1005 4 1.005
] e
w 099k 40.990
« .
® 0975 f 40975 wE
— s s
@ 0960 F 40.960
2 S, during sputter experiment
0945 | layer 40.945
0930 b S(E) measurement 40930
0915 L—1 . TR R L L lpo15

0.0

02

04 0.6 0.8
sputter depth (um)

1.0

12

Annihilation parameters
as function of depth

annihilation parameters are taken in a
suitable depth after each sputtering
step

e* energy choosen so that:
- must be no influence of surface
- still sharp e* implantation profile

annihilation parameters of all layers
are precisely obtained

important especially for deep layers

depth resolution is limited by e*
diffusion, not by implantation profile
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