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Abstract. Monte Carlo simulations have been performed of the extraction of slow positrons
into air through thin silicon nitride (SiN) windows. The simulations are based on recent
experiments at the positron probe microanalyzer (PPMA) in which slow positron microbeams
have been used to analyze samples located outside the vacuum chamber in air. In the present
study we calculated the fractional transmission of positrons for SiN windows as a function of
positron energy and window thickness, and also calculated their energy and angular spectra
after extraction. The effect of a thin air/gas layer between the window and sample was also
simulated.

1. Introduction

Positrons annihilation is a unique tool for studying defects and open volumes in materials. Various
experimental techniques including positron annihilation lifetime spectroscopy (PALS) have been
developed and contributed to analysis and characterization over a wide range of materials [1]. Mono-
energetic, low energy (slow) positrons penetrate a well defined distance into the surface layer of the
sample and can be used to study thin or layered samples. Such beams of slow, monoenergetic
positrons can be produced by moderation of the fast positrons produced via electron accelerators,
nuclear reactors or intense radioisotope sources.

The slow positron beams are typically transported from the source to the experiment under ultra
high vacuum and any samples must also be introduced into the vacuum chamber. However, for many
materials it is necessary to measure outside vacuum in an environment similar to actual operational
conditions. Interesting examples include wet polymer films or low-k insulating layers of electronic
devices kept in humidity-controlled air or membranes in aqueous solutions. The study of powders and
liquids and other samples not compatible with vacuum with low energy positrons also becomes
possible.

2. The AIST Atmospheric Positron Probe Microanalyzer

A positron microbeam has been developed at AIST, Japan, the positron probe microanalyzer (PPMA).
This pulsed, variable energy (1 keV — 30 keV) beam allows PALS measurements with a spatial
resolution down to 30 um and has been used for 2D and 3D defect distribution analysis [2]. The
PPMA also allows the beam to be focussed on small, thin vacuum windows and hence be extracted
into the air. Silicon nitride (SiN) windows were installed on the PPMA sample chamber and have been
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used to successfully extract slow positrons outside the vacuum chamber [3,4]. Three different
windows have been used with the following dimensions; 30 nm x 0.6 mm x 0.6 mm, 200 nm x 1.5
mm x 1.5 mm and 500 nm x 3.0 mm x 3.0 mm. The density of the SiN windows is around 3.0 g/cm®
and the compositional ratio of Si to N is approximately 1 : 1[3]. When one side of the window is
evacuated to vacuum the window bends slightly towards the vacuum side. This means that a small air
gap is present between the window and the sample. For the 30 nm and 200 nm windows this minimum
air gap, dy, was measured using a laser microscope to be 35 um — 40 um and 65 um — 70 pum
respectively. The deflection of a clamped film when d,>> h, can be approximated by the expression

d, = (r“P/Eh)“3 [5], where r is the radius, P the applied pressure (1 atm), £ the Young’s modulus and

h the material thickness. For CVD prepared SiN films a value of £ = 270 GPa has been reported [6].
Assuming a value for the radius, r, equal to half the lateral dimension, values of d, = 37, 85 and 312
pm for the 30, 200 and 500 nm films respectively are calculated, in reasonable agreement with the
measured value for the thinner two films.

When the slow positron beam passes through the SiN window it will interact and some fraction
of the incident positrons will be backscattered, some annihilated in the window and some fraction
transmitted. The transmitted beam will emerge with an energy distribution and angular dispersion.
Although stopping profiles in multilayer systems can be estimated by scaling laws [7], Monte Carlo
simulations can be used to determine energy and angular distributions alongside stopping profiles.
The present report aims to estimate these effects at the AIST atmospheric PPMA using the
Penelope2008 code [8]. Penelope 2008 provides full support for positron interactions and can simulate
processes with energies down to several hundred eV.

3. Monte Carlo Simulations
3.1. Slow positron transmission through SiN

In the initial simulation a slow, monoenergetic positron beam at normal incidence to a thin SiN film
was simulated and the positron transmission fraction and energy and angular distributions of
transmitted positrons calculated.

3.1.1 Positron Transmission Fraction

A typical simulation result is shown in figure 1 where the relative fractions of transmitted,
backscattered and absorbed (annihilated) positrons are plotted as a function of positron energy for the
200 nm thick SiN window. The transmitted fraction increases from 0 around 3 keV to almost 100% at
30 keV. The backscattered fraction decreases from around 10% at 5 keV to less than 1 % at 30 keV.
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Although other profiles have also been shown to give good agreement with measurements [9] the
stopping profile, P, of positrons in materials is typically characterised by the Makhov profile [10];
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A, n and m are material and energy dependant parameters [11], £ is the energy in keV and z the
material thickness in nm. p is the material density (in g/cm®) and T is the Gamma function. Neglecting
backscatter, the transmission through a film of a certain depth can be estimated by integrating this
function. We can then fit our simulation results to this integral to find the parameters for SiN.

Using the transmission fractions calculated via the Monte Carlo simulation gives the following result
for these parameters (with m = 2); 4 = 32.8 £ 0.6, n = 1.66 = 0.01. Figure 2 shows the simulation
results for positron transmission through various thicknesses of SiN films plotted alongside curves
generated with the calculated fit parameters.
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3.1.2 Energy and angular distribution of transmitted positrons

The initially monoenergetic and parallel positron beam will emerge with broad energy and angular
distributions. Figure 3a shows the calculated energy profile of initially 5 keV positrons transmitted
through both 30 nm and 200 nm SiN films. At 5 keV the transmission through 30 nm films is 97%
while that for 200 nm films is 24%. For the thicker 200 nm film it is seen that a broad energy
distribution which peaks around 3.5 keV is obtained whereas for the thinner 30 nm film the
distribution is more sharply peaked with a maximum at 4.9 keV. An estimate for the width of the
distribution (£., E.) can be obtained by finding the energy at which the probability is half of this
maximum value (N[E.] = 0.5 N[Eyax]). This analysis was repeated for a range of impact energies at
the three SiN film thicknesses, 30 nm, 200 nm and 500 nm and is plotted in figure 3b. The error bars
in this figure represent the distribution width. As the positron energy is increased the energy
distribution width narrows and approaches the initial impact energy.

The angular distribution of transmitted/backscattered positrons is shown in figure 4. The
number of positrons emitted at a function of polar angle, 6, is given by the probability per steridian (g)
multiplied by the factor 2rsin(6). In figure 4a this quantity is plotted for a positron beam of 5 keV
energy incident on 30 nm and 200 nm SiN films. In both cases the distribution peaks at a particular
angle (6,..) and then decays with increasing angle to zero at 90° (perpendicular to the film). The
distribution between 90° and 180° corresponds to positrons backscattered from the film. The angle
where 2nsin(&)e reaches a maximum, 6,.., is plotted as a function of positron energy for the 30 nm,
200 nm and 500 nm SiN films in figure 4b. This angle decreases with decreasing window thickness
and increasing positron energy. For the 30 nm window, 6, is less than 5° for E > 10 keV.

3.1.3. Temporal and Spatial Resolution at the sample
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Using the results from the previous section it is possible to estimate the effect of the SiN window on
the temporal resolution. A simple estimate is to calculate the time difference of arrival at the sample
between the high energy and low energy positrons. For this analysis we define the high energy and
low energy values as the energy at which the probability is half of peak value (N[£:] = 0.5 N[Epeax])-
We also define the distance positrons travel between the SiN window and sample as equal to the
minimum gap d, divided by the cosine of the peak angle 6,.,. The pulse broadening, A7, is then given
by,

r=_% t 1 . V)
COSOpe \ 2E Im  J2E, I'm

and the results plotted in figure 5a.
It is clear that even for very low energy positron beams (> 1keV) the reduction in temporal resolution

is only a few ps and is therefore expected to have no significant influence on the final temporal
resolution.
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Figure 3. a) Energy distribution of initially 5 keV positrons transmitted through 30 nm and 200 nm
SiN films. b) Eyea Of transmitted positrons and distribution width (N[£.] = 0.5 N[Epea]) shown by
the error bars plotted as a function of incident positron energy for transmission through 30 nm, 200
nm and 500 nm SiN films.
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Figure 4. a) Angular distribution of initially 5 keV positrons transmitted/backscattered through 30
nm and 200 nm SiN films. b) The angle of peak positron emission, 6,.,, plotted as a function of
incident positron energy for transmission through 30 nm, 200 nm and 500 nm SiN films.
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We can also estimate the positron beam size on the sample. If we assume the initial beam
diameter, wy, as 30 pum, the spot size on target can be estimated by; w=w, + 2d,tan @, . The result

of this calculation is shown in figure 5b. The reduction in beam size resolution is estimated to be quite
small, especially when the thinnest (30 nm) window is used over a wide energy range.
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Figure 5. a) Estimate of the pulse broadening, AT, caused by positrons passing through the SiN
window. AT is estimated using the minimum window-sample gap, d, the width of the energy
distribution and the angle of maximum positron emission, 6,... b) Estimated size of the positron
beam spot on target based on 6, and the minimum window — sample gap, dp. For the 30nm and
200nm windows d, is based on the value measured using a laser microscope whereas for the 500 nm
window a value of 300 um was assumed based on the calculation in section 2.

3.2. Effect of air/gas layer

As mentioned in section 2, due to the curvature of the SiN window when one side is under high
vacuum, a thin layer of air (or gas) will be present between the SiN window and the sample. This layer
will also cause a loss of transmission and broadening of the energy and angular distributions.

If we consider the SiN — Gas layer — Sample as a multilayer system, the stopping probability #; of
positrons in the i-th layer is given by [1,3];

; ZJ:MR(Z,E)dZ : R(Z'E):_;zex{_(z_&j}

with zo,-F(1+£j= A5
m Pi

Zy;

i

where P; is the stopping profile of positrons in the i-th layer and z(nm) is the depth from the surface of
the top layer. The depth correction factor oz; is given by [3];

1
i1 m
S = xi—zo{—ln(l—znkﬂ fori>2 , (4)
! k=L

0 fori=1

where x; is the depth from the surface to the interface between the (i — 1)-th and the i-th layers.

Figure 6 shows the result of simulations based on a recent experiment involving a polyvinyl alcohol
(PVA) film. In this experiment the 30 nm SiN window was used together with a 35 um Kapton spacer

to give a window — sample separation of 70 um. N, gas at 1 atm was present in this region. Monte
Carlo calculations based on this geometry were performed and the fraction stopped in each layer (after
removal of the small fraction backscattered from the SiN window) was determined. Also shown in the
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figure is the calculated stopping probability (or absorbed fraction) in each layer based on the model
outlined above. This model tends to slightly overestimate the absorption in the PVA sample and
underestimate the absorption in the N, layer but overall agreement is good indicating that this model
can be used as a guideline for future experiments.

wl o« Figure 6. Plot of the calculated
- S stopping probability in each layer
= %87 Simuation [SIN (30 nm), N, (70 um), PVA (2
5 o v sn ] mm)] as a function of positron
2 . pua energy. _Also shown is the stopping
04 Model 1 probability based on the multi-layer
S R Makhov model with typical values
7 IR AN PvA 1 of the free parameters (4 = 40, n =

00 L x oy gy 1.6) for each layer [10].

0 2 4 6 8 10
Positron Energy (keV)
4, Summary

Monte Carlo simulations of the transport of low energy positron beams through thin SiN windows and
gas layers have been performed. The simulations were motivated by the recent development of an
atmospheric positron probe microanalyzer at our institute whereby a focussed positron beam is
extracted from the vacuum into air. It was found that the transmission of slow, monoenergetic
positrons through SiN can be modelled using the well known Mahkov profile. The simulations also
suggested that the effect of extraction through SiN windows on the temporal resolution in PALS is
insignificant. For the lateral beam size on target some degradation is expected but a lateral resolution
less than 100 um should be possible using the thinner (30 um) SiN windows over a wide energy range.
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