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High elemental selectivity to Sn submonolayers embedded in Al
using positron annihilation spectroscopy
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In the present work, we demonstrate that metal layers in the submonolayer range embedded in a matrix are
revealed with unprecedented sensitivity by coincident Doppler-broadening spectroscopy of the positron anni-

hilation using a monoenergetic positron beam. The measured electron momentum distribution specific for Sn is
clearly observable in Al/Sn/Al-layered samples even at a Sn area density of as low as 7.3 1072 ug/cm?
below 200 nm Al. An explanation for the high elemental selectivity for the thin Sn layers is set forward in
terms of efficient positron trapping due to the changing positron affinity at the Al/Sn-interface and quantum-

dot-like positron states in Sn nanoparticles.
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I. INTRODUCTION

When a positron is implanted in a material, it thermalizes
rapidly (approximately picoseconds), diffuses through the
crystal lattice (~100 nm), and finally annihilates as a delo-
calized positron from the Bloch state or from a localized
state present in open-volume defects. The positron-electron
annihilation in matter is completely dominated by the emis-
sion of two 511 keV photons in opposite directions in the
center-of-mass system. In the laboratory system, the trans-
versal momentum of the electron p—the momentum of the
fully thermalized positron is negligible—leads to a deviation
of the 180° angular correlation of the annihilation radiation.
The longitudinal projection of the electron momentum onto
the direction of the y-ray emission p; results in a Doppler
shift of the 511 keV y quanta by AE==* %ch (see, e.g., in
reviews on positron physics).'?

For this reason, the detection of the Doppler broadened
511 keV annihilation line enables a nondestructive examina-
tion of the electron momentum distribution at the positron
annihilation site. The annihilation of conduction electrons in
metals leads typically to a small Doppler shift AE<2 keV,
whereas the large binding energy of core electrons results in
a AE of several keV. Therefore, the events with high Doppler
shift, i.e., in the outer tail of the 511 keV photoline, corre-
spond to the annihilation of inner shell electrons and contain
hence information of the chemical surrounding at the anni-
hilation site.

In coincident Doppler-broadening spectroscopy (CDBS),
both annihilation quanta are detected in coincidence with
two high-resolution Ge detectors, which leads to an efficient
background suppression by several orders of magnitude in
order to reveal the unique element specific signature in the
tail of the 511 keV photoline.> A number of experiments
were carried out on pure metals and semiconductors in order
to detect the element specific signature in the 511 keV anni-
hilation line.*® The influence of the crystal structure and
lattice defects on the measured electron momentum distribu-
tion was studied in detail by Alatalo et al.'® Nagai and co-
workers applied CDBS in order to study the chemical sur-
rounding of defects and precipitation aging in metallic
alloys.”!!"13 In more recent coincident Doppler-broadening
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(CDB) investigations, the chemical surrounding at the anni-
hilation site was examined in several binary and ternary
alloys.!4-18

In contrast to previous CDB studies, the investigation of
layered samples requires a mono-energetic positron beam,
which allows the adjustment of the appropriate positron im-
plantation depth. In the present work, thin Sn layers embed-
ded in Al have been investigated by CDBS. Besides the ap-
plication of a nondestructive technique, one aim has been to
reveal the elemental signature of Sn of various thicknesses in
the CDB spectra in order to investigate the positron trapping
properties of the embedded Sn layer.

II. EXPERIMENT
A. Sample preparation

For the presented experiment, a set of four
Al/Sn/Al-layered samples was prepared in an UHV cham-
ber using 0.5 mm thick glass substrates. The thickness of the
thinnest Sn layer embedded in an Al matrix was as small as
0.1 nm. First, pure Al (=99.99%) with a thickness of
5.5*0.3 um was evaporated onto the water-cooled glass
substrate in order to exclude that even 15 keV positrons with
a mean penetration depth of 1.1 um would reach the glass.
Afterwards, the Sn layer (=99.999 %) of various thicknesses
dg, (ds,=0.10£0.03, 1.60x0.1, 25+ 1, and 200* 8 nm)
was evaporated on top of the Al. Finally, the Sn layer was
coated by 200 = 8 nm Al. The accuracy of the layer thickness
is related to the evaporation time and the precision of the
evaporation rate measured by a piezothickness monitor
(0.01 nm/s). In addition, annealed Al and annealed Sn serve
as reference materials.

B. Calculation of the positron implantation profile

We performed calculations of the Makhovian implanta-
tion profile of the layered samples in order to maximize the
overlap of the positron distribution with the Sn layer by
variation of the kinetic energy of the positrons. The simu-
lated implantation profile prior to positron diffusion or trap-
ping is exemplarily plotted in Fig. 3(a) for 6 keV positrons in
a 25 nm Sn layer below 200 nm Al. A high fraction of pos-
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itrons is stopped in the Sn layer (denoted by f) due to the
high stopping power of Sn. As a result of these calculations,
the kinetic energy was set to 6 keV for the three samples,
with Sn thicknesses of 0.10, 1.6, and 25 nm, respectively,
and to 15 keV for the others. The material dependent param-
eters for the calculation are listed for Al and several other
elements in the publication by Puska and Nieminen'® and
references therein. The values for Sn are not reported so far
and were therefore approximated via an interpolation of
known parameters, which lead to an accuracy of 11%—-17%
of the calculated f. In addition, the results of these simula-
tions confirm that even at a kinetic energy of 15 keV, no
positron would reach the glass substrate below the Al/Sn/Al
layers.

A calculation of the positron annihilation sites cannot be
performed reliably, since it requires structure information of
the embedded Sn layer, material dependent diffusion con-
stants, and in particular preassumptions about the trapping
rates at the Sn/Al interface. However, the distribution of
accumulated annihilation events including diffusion and trap-
ping can be approximated at least qualitatively: In this
simple model, isotropic diffusion in Al after implantation
(diffusion length of 140 nm and typical positron lifetime of
200 ps) and trapping at the Al/Sn interface or in the Sn layer
are assumed, i.e., positrons implanted in the Sn layer would
not escape into the Al matrix. Taking into account the posi-
tron annihilation rate during diffusion in Al, the amount of
positrons diffusing from Al to the Al/Sn interface was cal-
culated and added to the number of positrons implanted in
Sn in order to get an estimate of positrons annihilating in the
Sn layer. The resulting distribution of positron annihilation
sites is shown in Fig. 3(b).

C. Coincident Doppler-broadening spectrometer

The measurements were carried out with the CDB
spectrometer'® located at the high intensity positron source
NEPOMUC—neutron induced positron source Munich.?
The positron intensity at the sample position was 2 X 10°
moderated positrons per second and the beam diameter
amounted to 2 mm. The electronic stability and the energy
resolution were monitored by recording the 477.6 keV v line
of "Be during the measurement. Albeit at the high single
count rate of ~2 X 10* counts/s, no considerable deteriora-
tion of the energy resolution of AE=1.38keV at E
=477.6 keV is observed due to the use of digital signal pro-
cessing modules (Canberra) for the electronic data
acquisition.?! The overall momentum resolution of the CDB
measurement was Ap; ~4.3 X 103myc. The measurement
time was set to 10 h per spectrum resulting in typically 1.1
X 107 counts in the coincidence spectrum of the 511 keV
photopeak.

III. MEASUREMENTS AND RESULTS

The raw data of the CDB spectra are normalized to the
same integrated intensity of the 511 keV photopeak and are
plotted in Fig. 1. Note the low background leading to a peak-
to-background ratio of better than 10°. The inset shows the
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FIG. 1. (Color online) CDBS of the 511 keV annihilation line
profiles for pure Al, Sn, and the Al/Sn/Al layered samples with
various Sn thicknesses (normalized to the same intensity). The inset
shows a zoom into the high-momentum region and highlights the
differences between the samples.

photon intensity in the high-momentum region for p; =10
X 1073 mqc significantly above the Fermi momentum of Al,
pr=6.77X1073myc. The higher photon intensity for larger
electron momenta with increasing amounts of Sn is attrib-
uted to the higher binding energy of the annihilating core
electrons in Sn.

For a more detailed view, all spectra have been divided by
the spectrum, obtained for pure annealed Al, in order to re-
veal the element specific contribution of Sn (Fig. 2). Even at
an amount of 0.1 nm Sn below the 200 nm Al coating, the
photon intensity increases significantly for 10X 1073mc
<p.<25X1073myc. The higher photon intensity in the
high-momentum region due to the appearance of the Sn sig-
nature corresponds to positrons, which annihilate with core
electrons of the Sn atoms. With increasing Sn thickness, the
signature of Sn emerges more and more clearly and ap-
proaches the curve obtained for pure Sn. The solid lines rep-
resent least-squares fits of a linear combination of the photon
intensities recorded for pure Sn Is,(E) and pure Al I,(E).
The fit function I5;,=(1- 7)1 (E) + nls,(E) has only one free
fit parameter 7, which corresponds to the amount of posi-
trons annihilating in the Sn layer and can be regarded as an
amplitude of the observed Sn signature (see Table I). Conse-
quently, the fraction 1- % corresponds to positrons, which
annihilate in the Al bulk or from a surface state after back
diffusion, where the amount of positrons close to the surface
is small [see Fig. 3(b)]. The fitting procedure was applied for
Doppler shifts greater than 2.5 keV in order to avoid distor-
tions due to the annihilation of conduction electrons. There-
fore, the plotted Iy, curve agrees very well with the data for
high momenta, but it is not a good approximation in the
low-momentum region below p; =7 X 1073mc.

Table I shows the obtained values for the layered
Al/Sn/ Al samples with various Sn thickness dg,. The refer-
ence samples of pure Al and pure Sn are listed as well. The
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FIG. 2. (Color online) Ratio curves of the Doppler broadened
511 keV line depicted in Fig. 1. All spectra are divided by the
reference spectrum obtained for pure annealed Al. The uppermost
curve shows the elemental signature of Sn. Even at an amount of
0.1 nm, the signature of Sn emerges clearly. The data of the layered
samples were fit by a linear combination of the photon intensities
recorded for Sn and Al (solid lines).

fit parameter 7 corresponds to the measured amount of pos-
itrons, which annihilate in the Sn. The higher values of 7, in
particular, at low Sn content highlight the extreme sensitivity
of CDBS with monoenergetic positrons to the embedded Sn
layer in Al that is attributed to efficient positron trapping at
the Sn. This effect is visualized qualitatively by the distribu-
tion of the positron annihilation sites including diffusion and
trapping in Sn [see Fig. 3(b)]. Thus, the experimentally de-
termined amount of positrons, which annihilate at Sn atoms
after diffusion and trapping 7, is larger than the calculated
amount of positrons, which have been implanted in the Sn

layer f.
IV. DISCUSSION

The strongly disproportional increase of the positron an-
nihilation rate with core electrons from Sn is interpreted as
follows: After implantation, thermalized positrons diffuse to

TABLE 1. Results for the layered samples. dg,: Sn thickness
below the 200 nm Al coating; f: calculated fraction of positrons
implanted in the Sn layer; #: observed fraction of positron annihi-
lation in Sn. Pure Al and Sn serve as references.

dsn dsy
Sample (nm) (%) f 7
Al 0 0 0 0
Al/Sng /Al 0.1 0.073 749X 1074 0.063
Al/Sn, ¢/ Al 1.6 1.166 1.19X 1072 0.183
Al/Snys/ Al 25 18.23 0.170 0.364
Al/Snyg/ Al 200 145.8 0.304 0.670
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FIG. 3. (a) Implantation profile calculated for 6 keV positrons in
the Al/Sn,5/ Al sample with the positron fraction f implanted in Sn
(gray region). The high fraction of positrons stopped in the Sn layer
reflects the high stopping power of Sn. (b) Distribution of accumu-
lated annihilation events during diffusion and trapping in Sn. The
fractions of positrons annihilating at Sn atoms # are determined
from the CDB spectra.

the Al/Sn interface, where they are efficiently trapped in
open-volume defects and hence could annihilate with local-
ized core electrons of Sn atoms. A number of those defects
are expected to be particularly large due to the lattice mis-
match at the Al/Sn interface. On the other hand, the smaller
core annihilation probability for positrons trapped in open-
volume defects would lead to a lower photon intensity in the
high electron momentum range than annihilation in the un-
perturbed Sn lattice. It is hence unlikely that defect trapping
is solely responsible for the significant emergence of the Sn
signature in the CDB spectra especially at low Sn thickness.

The main reason for the observed high annihilation rate in
the Sn layer can be understood in terms of the element spe-
cific positron affinity: Due to the much stronger positron
affinity of Sn compared to that for Al (A§,=-7.60 eV and
A},=—4.41 eV),?? the Sn layer can be regarded as a well with
a potential depth of ~3.2 eV. Therefore, positrons thermali-
zed inside the Sn layer are repelled at the Sn/Al interface
during their diffusion, and a certain amount of those thermal-
ized in Al diffuse to the Sn layer where they are efficiently
trapped inside the Sn layer or Sn clusters.

The high observed annihilation rate in Sn for the sample
with less than half a monolayer Sn (dg,=0.1 nm) leads to the
interpretation that Sn (sub-)nanoparticles embedded in Al
have been formed. A precondition for positron trapping in-
side a Sn cluster is its minimum size, i.e., the well needs a
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certain extension in order to possess at least one bound pos-
itron state. Supposing a spherical Sn particle, its critical ra-
dius 7. is calculated to be r.=5.8a,/VAA*, where AA*
=A},—A§,=3.2 eV is the difference of the respective posi-
tron affinities and a, is the Bohr radius.?> Due to the high
AA®, the critical radius r.=0.17 nm is rather small com-
pared to the lattice constants a=0.65 and 0.58 nm of the
most probable Sn modifications of @-Sn and B-Sn, respec-
tively. Therefore, even in the smallest possible cluster,
a tetrahedron consisting of four Sn atoms would lead to a
three-dimensional confinement of the positron in a quantum-
dot-like state. This 3.2 eV deep well of Sn nanoparticles em-
bedded in an Al matrix would act as a very efficient positron
trap, which thus leads to enhanced positron trapping in the
thin Sn layer.

V. CONCLUSION

Within the scope of the present work, we applied CDBS
with a monoenergetic positron beam to reveal information on
embedded layers with unprecedented sensitivity. It was dem-
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onstrated that even a 0.1 nm thin Sn layer embedded under-
neath a 200 nm Al coating leads to a significant and unam-
biguous fingerprint in the CDB spectrum. Besides defect
trapping, we attribute the high positron affinity of Sn and the
formation of Sn clusters to the most probable reason for the
distinct emergence of the Sn signature for thin Sn layers. For
this reason, CDBS with monoenergetic positrons is clearly a
very powerful technique for the investigation of thin layered
structures that are hidden below coatings of hundreds of
atomic layers. We envisage to investigate layers of various
elements embedded in a matrix by CDBS as a function of
positron implantation energy not only to reveal the elemental
information of the embedded layer but also to determine its
depth below the coating.
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