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Variable-energy (0-25 keV) positron stopping and annihilation behavior is studied in a multilayer
structure, which has subsequent (~3000-A-thick) ZnS and Al,O; layers on a glass substrate. Direct
information on positron slowing-down properties is obtained. The positron implantation profile is
shown to possess the shape of a derivative of a Gaussian function, in contrast to the more commonly
used exponential profile. The mean positron penetration depth varies with incident positron energy E
(in keV) as z=[4.0(3) ug/cm?*](E)"%2*). The feasibility of the present technique for depth profiling of
heterogeneous samples is considered. The accuracy of determining the positions of the interfaces is
typically less than 100 A in the present system. The mobility of positrons in ZnS and Al,O; layers is
observed to be very low. This corresponds to positron trapping into structural defects with a relative-

ly high concentration.

I. INTRODUCTION

The development of monoenergetic positron beams in
recent years has enabled studies of surface properties, in
particular, studies of atomic scale disorder at the surface
and in the near-surface region. These measurements are
based on a strong positron surface interaction, and on the
capability of positron localization at open-volume lattice
defects.? Various positron processes at and near the sur-
face can be used for material characterization.>* Recently
the depth distribution of vacancy-type defects have been
measured,”® which is based on monitoring the energy-
dependent fraction of positrons diffusing back to the sur-
face.

Deeper areas of the sample can be probed by measuring
properties of the annihilation radiation inside the sample,
following monoenergetic positron injection. These data
are obtained by measuring the shape of the Doppler-
broadened 511-keV annihilation line versus incident posi-
tron energy E. Results in ion-implanted metals,’ ~® amor-
phous metals,!” and semiconductors!! have already been
published. An attempt has also been made to couple the
information from annihilation line-shape and positron
back-diffusion measurements in the presence of an inho-
mogeneous defect distribution.!?

For analysis of heterogeneous samples at deeper’
(>200 A) depths, proper knowledge on the positron im-
plantation profile is essential. An exponential function
has commonly been used,! although computer simulations
indicate that the positron stopping profile has a shape
close to a derivative of a Gaussian function.'> From stud-
ies of positron behavior in multilayer structures with
well-defined layer thicknesses, direct information on posi-
tron slowing-down properties can be obtained.

In this paper we measure the positronium (Ps) fraction?
f and the annihilation line-shape parameter'* S, as a func-
tion of the positron implantation energy E, in samples
consisting of subsequent layers of Al,O; and ZnS grown
on a glass substrate. These data are analyzed to yield in-
formation on the positron implantation profile, as well as
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on the mobility of positrons within the layers. The depth
resolution of the technique to probe heterostructures is
finally discussed. The organization of the paper is as fol-
lows. Section II gives the experimental details, while Sec.
III contains the data analysis. Results are presented and
discussed in Sec. IV, and Sec. V concludes the paper.

II. EXPERIMENTAL PROCEDURE

The experiments were performed with a variable-energy
positron beam in ultrahigh vacuum.!® Using a 50-mCi
8Co B source and a backscattering W(110) moderator,
the slow positron beam intensity was 7 10° sec™!, corre-
sponding to a moderation efficiency €=0.25%. The in-
cident positron energy E was variable from O to 25 keV.

Positron annihilation spectra in the proximity of the
sample were measured with a HP Ge detector (efficiency
35%) and data were acquired with a digitally stabilized
multichannel analyzer system. We derived the positroni-
um fraction f emitted from the sample from the shape of
the measured y spectra,*!> and detected the shape of the
Doppler-broadened 511-keV annihilation line.!* At each
incident positron energy E, 1x10° and 4x10° counts
were collected into the 511-keV annihilation line in the
f(E) and S (E) measurements, respectively, with a rate of
7400 counts/sec.

The studied sample, obtained from Lohja Corporation,
was used to fabricate electroluminescent display units. It
consisted of a heterostructure, where a 3000-A -thick
Al1,0; layer was grown with an atomic layer epitaxy tech-
nique on a glass substrate, followed by a ZnS layer (4000
A thick), and finally another similar 3000-A-thick Al,0;
layer. The layer thicknesses had a typical accuracy of 150
A. The crystalline structure was polycrystal with an aver-
age crystallite size of ~ 1000 A.'® The structure of the
specimen is also shown in Fig. 1. We studied three
separate cuts of the same sample (locations 1-3 in Fig. 1),
where only one, two, or all three layers were present on
the glass substrate, respectively. After ultrasonic clean-
ing, the samples were mounted into the UHV chamber.
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Auger spectra showed that a thin impurity layer could be
removed after sputtering with 500-eV Ar* ions. Positron
measurements were performed before and after this
sputtering.

III. DATA ANALYSIS

Since the positron mobility in all samples was measured
to be relatively small (see below), we analyzed the experi-
mental annihilation line-shape S (E) data, neglecting posi-
tron diffusion effects. No positron reflection or transport
at the interfaces was assumed. For each incident positron
energy E, we calculated the line-shape parameter S,
defined as the area of a fixed region in the center of the
annihilation line divided by the total peak area.!* Each
layer in the sample was assumed to be homogeneous, and
therefore the calculated value of S (E) becomes a superpo-
sition of characteristic values S; in each layer i, weighted
with the probability 7; that the positrons will annihilate in
layer i. In the limit of zero positron mobility, 7; is simply
the fraction of positrons, which will thermalize in the ith
layer after implantation.

The positron implantation profile P(z, E) is taken as'®

P(zE)=— 2 28 |" (1)
% - dz P\ = Zo; ’
where
gz |1+~ = f—_(E)” @)

is the mean range of positrons at an implantation energy
E (in keV). The parameter §; in each layer is simply
determined from the condition that the positron transmis-
sion T(z)=1— [ZP(z,E)dz must be continuous at all
values of z measured from the surface (z=0). Above, p;
is the material density and a (=3.3...4 pg/cm?), m
(=1...2), and n (=1...2) are parameters which contain
experimental®!” and theoretical'® uncertainties.'®

Consequently, the probability of positrons to thermalize
and annihilate in the /th layer is

b;
m(E)= ["P(zE)dz, (3)
where a; and b; are boundaries of layer i. Finally,

S(E)= 3 7S, 4)

can be compared to measured values of the line-shape pa-
rameter S at each incident energy E. This comparison
can then be used to extract more accurate estimates for
the parameters a, m, and n describing the implantation
profile P (z,E).

IV. RESULTS AND DISCUSSION

We measured the Ps fraction f versus incident positron
energy E in each sample in the as-received state. The re-
sults are basically the same in all studied samples, with
the diffusion parameter>* E; <300 eV. Light sputtering
with Art jons did not change the curves, either. This
may indicate that relatively strong positron trapping

4607

occurs in structural inhomogeneities present in each layer.
Consequently, positron mobility in various layers would
be very small. Similar phenomena were observed to occur
in amorphous metals.! Another possibility is that
thermal positrons diffusing back to the surface do not
form Ps, while the observed Ps signal f is due to epi-
thermal positrons,'® which form positronium at the sam-
ple surface.’®?! This can be tested with positron line-
shape measurements presented below.

The measured line-shape parameter S as a function of
the incident energy FE is depicted in Fig. 2 in a sample
containing a single Al,O; layer on a glass substrate. The
positron mobility is observed to be very low, as seen by a
steep decrease of S at low E from the surface value
S5=0.4152 towards a value S 4 =0.3975, which we adopt
as a characteristic value for positrons annihilating in the
Al,O; layer. At E>5 keV, positrons start to “feel” the
substrate material, and S levels to S; =0.4160, describing
annihilations in the glass substrate. The solid line in the
upper horizontal axis corresponds to an energy E (see
below), where the median positron penetration depth R
crosses the Al,O3/glass interface.

We have fitted the data to Egs. (1)-(4) with a=4
ug/cm?, n=1.6 (Refs. 13 and 17), and S, and Sg; as
given above. With m as a parameter, Fig. 2 shows two
fits, corresponding to exponential (m=1) and Gaussian
(m=2) positron implantation profiles. We note that the
exponential profile is not compatible with our data,
whereas the m=2 curve matches with the data at all
E >3 keV. The deviations at small E are due to positron
motion to the surface, as mentioned earlier. This small
diffusion has negligible effects at higher E, due to an in-
creasing ratio of the positron implantation and diffusion
ranges.

Figure 3 shows a similar plot in the sample with the
ZnS/Al1,0;/glass structure. Again, the data at small E
describe positron motion to the surface. At E=4 keV, S
reaches a level S; =0.4300 characteristic of the ZnS layer.
The presence of the intermediate Al,O; layer is seen as a
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FIG. 1. Cross section of the studied multilayer specimen.
Three different cuts of the same sample were studied with
monoenergetic positrons, shown with arrows in the figure.



4608 A. VEHANEN, K. SAARINEN, P. HAUTOJARVI, AND H. HUOMO 35

Al,0,4 glass plantation profiles produces calculated S (E) curves shown

0.620 ] : i - — , , in Fig. 3. Again the latter fits the data at £ >4 keV,

whereas an exponential profile is far too wide to match

with experiments. Figure 3 also demonstrates the effect of

0415 n on the calculated S(E) curves. The three separate fits

with m=2 correspond to n=1.65 (dotted line), n=1.60

0.410 (solid line), and n=1.55 (dashed-dotted line). The solid

s line with n=1.60 is seen to be the best choice of the three

E’ n values. It was also used in fitting the earlier data in
S 0.405 Fig. 2.

a Figure 4 shows measured and calculated S (E) data in

“ 0400 the Al,03/ZnS/Al1,0;/glass system. All parameters are

’ now fixed to previous values (Figs. 2 and 3) with n=1.60.

Again we notice a remarkably good agreement using a

0395 » e ! L 1 1 Gaussian-shaped positron implantation profile at E >4
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Incident positron energy E (keV)

FIG. 2. Experimental (dots) and calculated (lines) values of
the Doppler-broadened annihilation line-shape parameter S vs in-
cident positron energy E in the sample with a 3000-A-thick
Al,O; layer on a glass substrate. The two fits correspond to ex-
ponential (m=1) and Gaussian (m=2) positron implantation
profiles with a mean penetration range Z < E”", where n=1.6.
The upper horizontal axis has a line at an energy E, where the
median positron range R crosses the Al,0;/glass interface.

decrease in S at E=7 keV, followed by a shallow
minimum around E=13 keV. Due to the increasing
width of the positron implantation profile, the line-shape
parameter S does not reach the level S ,=0.3975 any
more, as the calculated fraction of positrons implanted in
the Al,0; layer has a maximum 74},0,max=0.35 at 10
keV [Eq. (3)]. Finally, S levels towards Sg =0.4160. This
is the same value, which was also observed at high E in
Fig. 2.

The use of exponential (m=1) or Gaussian (m=2) im-

ZnS [ Al,04 l glass
0w’ b—vr—p——p—

0.430

0.425
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0.410 L 1 " 1 1 1 1 1 1
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FIG. 3. Experimental and calculated S (E) data in the sample
with a 4000-A ZnS/3000-A Al,0s/glass structure. The three
Gaussian (m=2) fits correspond to n=1.65 (dashed line),
n=1.60 (solid line), and n=1.55 (dashed-dotted line).

keV, where diffusion of positrons in the present system
can be neglected. The effect of each layer to S(E) is seen
in Fig. 4, although information becomes more and more
convoluted at higher E, where the width of the implanta-
tion profile increases rapidly.

Unlike the situation in fitting the Ps fraction f versus E
data,?""?? the parameter m does not appear to be correlat-
ed with other implantation profile parameters » and a.
This is valid for all three samples shown in Figs. 2-4.
When a, n, and m are all allowed to vary in the fitting
procedure, the statistical uncertainty in m is o,, =0.1, and
the best value is between m=2.0 and 2.1 in all cases. On
the other hand, »n and a are strongly correlated, with best
values n=1.62(1) and 1.72(1) using the extreme'>!” values
for a=4.0 and 3.3 pg/cmz, respectively. The best value
for a is 4.0 pg/cm?, and the goodness of the fit decreases
rapidly outside a=4.0+0.3 ug/cm?. We conclude that
the positron stopping profile is best described by a deriva-
tive of a Gaussian function, with a mean depth zZ=[4.0(3)
ug/cm?](E)-%25 The corresponding relation for z, [Egs.
(1) and ()] is zo=[4.5@) pg/cm?)(E)"%*% and for the

ZnS lAIZOJ glass
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FIG. 4. Experimental and fitted S(E) data in the 3000-A
A1,0,/4000 A ZnS/3000 A Al,O;/glass structure. All parame-
ters in the fit are fixed to preceding values (with n=1.6). Ener-
gies, where the median positron penetration R crosses the inter-
faces, are shown in the upper horizontal axis.
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median penetration depth R=[3.8(3) ug/cm?](E)!6*%,
(E in all these expressions is in units of keV.) We em-
phasize that only the last value can be directly compared
with experimental transmission measurements.!”!® Some
examples of the positron implantation profiles calculated
for the Al,03/ZnS/Al1,0;/glass structure, using the above
parameters, are shown in Fig. 5.

Figures 2—4 can also be used to estimate the depth
resolution of monoenergetic positrons to probe hetero-
geneous samples. In all cases the first interface at 3000 A
or 4000 A is seen as an abrupt transition in S. In Fig. 4
the underlying ZnS layer is also fairly well evidenced by
the maximum at E=11 keV. However, this is much less
obvious if the layers have characteristic .S values closer to
each other, which is the case for the Al,0;/glass interface
in Fig. 3. On the other hand, the Al,O; layer in Fig. 4,
located at 7000—10000 A is still observable from the very
shallow minimum around E=18 keV. To test depth reso-
lution capabilities of our method, we reanalyzed the data
with fixed (¢ =4.0 ug/cm?, m=2.0, and n=1.62) implan-
tation profile parameters, but floating the interface posi-
tions. The fit yields the three interface locations at depths
2950450 A, 700080 A, and 10300+150 A, respective-
ly. Within the accuracy of the direct thickness measure-
ments, these values compare favorably with the nominal
interface locations (3000, 7000, and 10000 A) shown in
Fig. 1. Above, the error bars stand for statistical errors
only. The goodness of the fit, especially for data shown in
Fig. 4, also improves significantly, when interface posi-
tions are changed from the nominal values.

The measured positronium fraction f has virtually van-
ished at E=1 keV. Thus the S(E) data between 1 and 5
keV can be directly used to estimate?® the positron mobili-
ty in various layers. We note that the apparent diffusion
parameter E, is still small, but it is larger (~ 1500 eV)
than that deduced from Ps fraction measurements. The
corresponding diffusion length®* is L + ~200 A. There-
fore, the assumed low positron mobility leading to our
data analysis is still valid, especially at high E, where the
range of the positron implantation profile is very much
higher than the diffusion length. From the two sets of
measurements, we argue that the S(E) data above E=1
keV are more appropriate to yield positron mobility infor-
mation than the Ps fraction f at low incident energies E.
The latter appears to be fully due to epithermal posi-
trons'®~2! in the present system. As deduced from the
S (E) data in Figs. 2—4, the positron diffusion is rather
weak in all layers, perhaps slightly weaker in Al,O; than
in ZnS. Thus it seems likely that a relatively high density
of defects trapping positrons must exist in each layer, with
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FIG. 5. Calculated positron implantation profiles P(z,E) for
various incident positron energies E in the Al,0;/ZnS/
Al,0s/glass structure. No interference effects of the interfaces
on the positron slowing-down properties is assumed. The
discontinuities in P(z,E) arise from changes in the layer densities
p: [see Eq. (1)].

a concentration®!? of order 1074, ..., 1073

V. CONCLUSIONS

In conclusion, we have studied a multilayer structure
with monoenergetic positrons with varying incident ener-
gy E. The positron implantation profile was shown to
possess a shape of a derivative of a Gaussian function
[m=2.0(1), Eq. (1)], at least for incident positron energies
E>4 keV, in accordance with recent computer simula-
tions. The mean implantation depth z is observed to be
z=[4.03) ug/cm}(E)!%35) Probing heterogeneous sam-
ples can be accomplished with our technique at least
down to depths of about 1 um with a depth resolution
of order 100 A. Further experiments are needed to ana-
lyze capabilities of our method in systems where the posi-
tron mobility is significantly higher. Our Al,03;/ZnS het-
erostructure seems to contain a large concentration of
open-volume defects capable of positron trapping.
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