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Positron Annihilation Lifetime Spectroscopy - PALS
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Digital lifetime measurement
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Screenshot of two digitized anode pulses
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Principles of PALS: ortho-Positronium
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In materials without free electrons Positronium may

be formed (Polymers, glass, liquids, gases).
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Principles of PALS: pick-off Annihilation

pick-off annihilation:

o-Ps is converted to p-Ps
by capturing an electron
with anti-parallel spin

happens during collisions
at walls of pore

lifetime decreases rapidly

lifetime is function of
pore size 0.5 ns ... 142 ns

lifetime can be extracted
from spectra




Principles of PALS: typical spectrum

typical lifetime spectrum
for porous glass:
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PALS: detection limits
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New Analysis Technique: MELT

Intensity
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1A. Shukla et al., 1997, Materials Science Forum, 255-257, 233



The TE model
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AR = 0.166 nm determined by Eldrup and Jean

Pore size > 1 nm ->4;, cannot be neglected, femperature dependence of o-Ps
lifetime (excited states)

Tao, S. J. J. Chem. Phys. 1972, 56,5499-5510. / Eldrup, M.; Lightbody, D.; Sherwood, J. N. Chem. Phys. 1981, 63, 51-58.




The TE model (valid until 1 nm radius)
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‘ The TE model

= TE model valid for r > 2nm

= very successful for open-volume
Ty e characterization in polymers
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Polymer research
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PALS study of different polymers under CO, gas exposure and pressure
densified (200 MPa)

G. Dlubek et al., Macromol. Chem. Phys. 2008, 209, 1920-1930 and e-Polymers 2007, no. 108



Polymer research
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Fig. 5. The mean, <v,>, and the mean dispersion, ¢, of the hole volume as a

function of temperature T for untreated (black), densified at 200 MPa (blue), and CO-
gas-exposed and degassed (red) COC and PC.

G. Dlubek et al., Macromol. Chem. Phys. 2008, 209, 1920-1930 and e-Polymers 2007, no. 108



‘ Mesopores - Controlled pore glasses
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Controlled pore glasses - CPG

VYCOR-Process

alkali borosilicate

glass
530 - 710°C

d» 1 to 110 nm
spinodal phase separation

decomposition is initiated by heat treatment

alkali rich borate phase <-> pure silica

alkali phase soluable in acid -> silica network

pore size depends on basic material

shape depends on duration and T of heat treatment

F. Janowski, D. Enke in F. Schiith, K.5.W. Sing, J. Weitkamp (Eds.), Handbook of Porous Solids, WILEY-VCH, Weinheim, 2002, 1432-1542.



Model for R > 1 nm - RTE

Rectangular TE model = RTE model i 3 _ (_,&2) 13
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temperature dependence to the lifetime
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complicated Bessel functions
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D. W. Gidley, T. L. Dull, W. E. Frieze, J. N. Sun, A. F. Yee, J. Phys. Chem. B 2001, 105, 4657.



The experiments at room temperature

we measured porous glass
T in a broad pore size range

pore size obtained by N,-
adsorption method

for T=300 K general
agreement to the RTE
model

calibration curve for the
correlation of o-Ps
lifetime and pore size
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‘The RTE model
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FigureS (Top)Pore size calibration calculated at different temperatures versus mean-
free path. (Bottom) Recent round-robin comparisons of PALS pore diameters with those
measured by small-angle neutron scattering (SANS), ellipso-metric porosimetry (EP),
and gas absorption (BET).

D.W. Gidley et al., Annu. Rev. Mater. Res. 2006. 36:49-79



‘ Small pores in the wall of larger pores

Microporous and Mesoporous Materials 182 (2013) 136-146

Contents lists available at ScienceDirect

MICROPOROUS AND
MESOPOROUS MATERIALS

Microporous and Mesoporous Materials

journal homepage: www.elsevier.com/locate/micromeso

Transformation of porous glasses into MCM-41 containing geometric @Cmmrk
bodies

Hans Uhlig **, Marie-Luise Gimpel?, Alexandra Inayat®, Roger Gliser ®, Wilhelm Schwieger”,
Wolf-Dietrich Einicke?, Dirk Enke?

2 University of Leipzig, Institute of Chemical Technology, Linnéstr. 3, 04103 Leipzig, Germany
b University of Erlangen-Nuremberg, Institute of Chemical Reaction Engineering, Egerlandstr. 3, 91058 Erlangen, Germany

LN2 adsorption

Sample Amount of tenside new sample name
solution in ml
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data analysis by MELT
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Slow-Positron Beam Technique

After moderation 1 - broad positron

. emission spectrum

29 . - from beta sources
Na emission spectrurm

- deep implantation into
solids

- no use for study of
defects in thin layers

1071 102 107 10% 10° 10% 10° 108 - moderation necessary
Positron energy [eV]

Implantation depth of un-moderated positrons (1/e): Si:



Moderation of Positrons

W (110) single crystal foil
(negative workfunction)

«— 2pym —— fraction

annihilation =13%

Q

Q . i . .

55 thermalization diffusion

(] .

7 monoenergetic  ~ () 05%

. b

positrons

= | fast et

e E=3 eV

.‘a

(]

e

fast positrons =879,

up to several 100 keV

moderation efficiency: ~10™4




HZDR Dresden-Rossendorf: Ground map of the ELBE hall
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Low-K dielectric layers

= modern ultra-large scale microprocessors suffers from long relaxation times
= information transport is limited by product R x C

= R has been decreased: Copper technology (instead of Al)

= Cis relatively high when SiO, is used as isolation layer; ¢.=4

o, A

d

= low-k (small . = 2..2.5) layers may help

(=

= these are layers with micropores with pore size of d&1 nm with high porosity

= problem for characterization: closed porosity

Low-k dielectric

Finished Device




Low-K dielectric layers
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Counts

Low-K dielectric layers
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Low-K dielectric layers
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Low-K dielectric layers

Pore size [nm]

Mean penetration depth [nm]
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Summary

PALS is a useful porosimetry tool

o very sensitive method for small pores (0.3 to 10 nm)
o upper sensitive limit # 60 nm

o non-destructive method

o Works in open and closed pore systems

o applicable also for thin layers (50 ... 2000 nm)



HZDR Dresden-Rossendorf 21.-23. October 2015

Workshop
Methods of Porosimetry and Applications

The workshop will treat aspects of the different methods of porosimetry, such as
No-Adsorption, Hg intrusion, SAXS, SANS and Positron Annihilation. Tutorial talks
will be given about these topics. The limitations and possible applications of these
techniques will be discussed. The workshop will be organized at the Institute of
Radiation Physics at HZDR in Dresden-Rossendorf.

Dr. A. Wagner Prof. D. Enke Prof. R. Krause-Rehberg

UNIVERSITAT LEIPZIG

Martin-Luther-Universitat

Helmholtz-Zentrum
Halle-Wittenberg

Dresden-Rossendorf



“A theory is something nobody believes,
except the person who made it.

An experiment is something everybody
believes, except the person who made it.”

Albert Einstein (American German 1879-1955)
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