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Abstract  Depth-resolved measurements of the two-dimensional angular correlation of annihilation 
radiation (2D-ACAR) were performed at the high-intensity slow-positron beam of Lawrence 
Livermore National Laboratory. We studied the formation of positronium in thin films of methyl- 
silsesquioxane (MSSQ) spin-on glass containing open-volume defects in the size of voids. Samples 
with different average void sizes were investigated and positronium formation could be found in all 
cases. The width of the angular correlation related to the annihilation of parapositronium increased 
with the void size indicating the annihilation of non-thermalized parapositronium.  
 
Positron annihilation spectroscopy has been successfully applied to study the properties of so-called 
“low-k” materials with values of the relative dielectricity constant k much smaller than the dielectric 
constant k=4  in solid silica [1,2,3,4].  These materials are currently being developed to decrease the 
RC-signal delay times in future miniaturized microelectronic devices. The value of the dielectric 
constant is lowered by introducing voids to produce porosity.   
Films of polymerized organosilicates spun onto Si-substrates are good candidates for  “low-k” 
materials. Voids are generated by curing a mixture of the prepolymer and a porogen at elevated 
temperatures. During the polymerization the porogen volatilizes resulting in low-k films containing 
a distribution of nanometer-sized pores. The average pore size is expected to increases with the 
porogen content of the mixture. Features like small film thicknesses and closed porosity make it 
difficult to investigate the pore charactersitics by techniques like gas absorption or Rutherford 
backscattering; on the other hand slow positron beam techniques are uniquely capable to extract 
information under these circumstances [5].  
Depth-dependent Doppler-broadening measurements found uniform distributions of open-volume 
defects throughout films of hydrogen-silsesquioxane (HSSQ) and could established a correlation 
between the S-parameter and the value of the dielectric constant [2]; the effects of aging and 
oxidation on the film properties were also investigated [3]. Positron lifetime measurements studied 
positronium (Ps) formed in high fractions and annihilating inside the pores. Ortho-positronium  
(o-Ps) lifetimes close to the the vacuum lifetime were found indicating the escape of o-Ps through 
interconnected pores back to the sample surface [1]; pores size distributions for films with closed 
porosity could be deduced [4].   
Measurements of  the two-dimensional angular correlation of positron annihilation (2D-ACAR) 
have been successfully utilized to study the short-lived Ps-species para-positronium  (p-Ps) 
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annihilating in interfacial voids of  SiO2–Si systems [6] or in porous silica [7]; in the present work 
we report on results obtained from beam 2D-ACAR measurements on methyl-silsesquioxane 
(MSSQ) low-k films. 
The beam 2D-ACAR experiment is set up at Lawrence Livermore National Laboratory and uses 
positrons produced by pair-creation in the LINAC-facility. The initial LINAC-positron beam 
consists of 3 µs pulses at a typical repetition rate of 300 Hz. This pulsed beam is transformed to a 
quasi-continuous beam in a penning trap pulse stretcher [8]. The positrons released from the trap 
possess an average kinetic energy of about 20 eV and are magnetically guided to the ACAR-target 
chamber. Here they can be accelerated to energies upto 30 keV prior to being implanted into the 
sample. About 2 x 108 e+ / s hit the target within a beam spot of about 5 mm diameter. The emitted 
511 keV-photons pass through UHV-windows and are detected by two Anger cameras with an 
active diameter of  470 mm each;  the cameras are located 18 m away from each other with the 
target chamber in the middle. 2D-ACAR spectra containing about 1 x 106 counts were collected at 
typical coincidence countrates of about 200 cps.    
The investigated low-k samples were produced with relative porogen contents 0.05 (“small pores”) 
and 0.25 (“large pores”) with respect to the volume of the prepolymerized mixture. 2D-ACAR 
spectra were taken at a beam energy E = 3 keV corresponding to mean positron implantation depths 
in the middle of the films. The raw data normalized to the same number of total counts are shown in 
Fig. 1; a sharp peak in the central portion indicates p-Ps annihilation and could not be found in 
single-crystalline Si where no Ps is formed.  
Fig. 2a shows the ratio between the two ACAR-spectra at 3 keV and illustrates that the p-Ps peak 
for the sample with smaller pores is higher; as a measure of the peak width the Full Width at Half  
Maximum (FWHM) was obtained from the projections of the 2D-ACAR spectra on the y-axis 
(long-slit spectra); we found FWHM = (34 ± 1) channels (large pores) and FWHM = (30 ± 1) 
channels (small pores). This result is not consistent with annihilation of thermalized p-Ps since in 
such a case the FWHM should decrease with increasing pore size. We therefore suggest that the 
broader p-Ps peak connected with the larger pores is caused by a higher fraction of p-Ps annihilating 
from a non-thermalized state.   
The thermalization process of p-Ps trapped in pores may be governed by collisions with pore walls; 
then the decrease of the number of collisions per p-Ps lifetime with increasing pore size results in 
longer p-Ps thermalization times τth. A quantitative model is clearly required to extract values for 
τth; however; since the present indications for incomplete p-Ps thermalization were obtained from a 
non time-resolving measurement τth should be comparable to the p-Ps lifetime.    
Fig. 2b shows a ratio of 2D-ACAR spectra measured on the sample with small pores at two 
different beam energies E = 3 keV (“bulk”) and E < 0.3 keV (“surface”). The data are consistent 
with an asymmetrical broadening of the surface spectrum with respect to the bulk spectrum in a 
momentum direction perpendicular to the sample surface possibly indicating the escape of p-Ps 
back into the vacuum. This could be a way to study pore interconnectedness since even in its short 
lifetime non-thermalized p-Ps might be able to diffuse back to the surface from regions deeper in 
the film.  
In conclusion 2D-ACAR measurements on low-k films containing pores of two different average 
sizes showed evidence for the formation of p-Ps. The increased broadening of the p-Ps momentum 
distribution connected with the larger pores was interpreted as indication for p-Ps annihilation from 
a non-thermalized state with thermalization times comparable to the p-Ps lifetime.    
The capability of the 2D-ACAR method to detect asymmetries in the momentum distribution might 
be used to study the escape of non-thermalized p-Ps from the sample through interconnected pores.  
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Figure 1    2D-ACAR spectra measured at a  E = 3 keV on two low-k samples 
containing large (a) and small (b) pores. The spectra are normalized to the same 
number of total counts. 
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