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A method of reconstructing the actual depth profile of the mean positron lifetime obtained from the sequential
chemical etching procedure has been proposed. In this procedure, the measured positron mean lifetime values
as a function of depth are used to calculate the actual mean positron lifetime values at various depths. Two
examples show the use of this method. The first one reconstructs the actual mean positron lifetime distribution
in molybdenum subjected to friction. The second one reconstructs distribution in a silicon wafer irradiated with
167 MeV Xe?* jons. These examples show this method’s usefulness in detecting properties in subsurface zones

generated by various surface treatments.
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1. Introduction and motivation

The surface treatment is a common technological pro-
cess to modify its properties. A good example is the ion
implantation process that modifies the electrical proper-
ties in a layer of semiconductors adjacent to an irradiated
surface. The sandblasting process is important for com-
pleting the production of commercial metallic products.
However, the surface treatment leads to changes on the
surface and below, for example, in the friction process.
Structural changes in the region below the treated sur-
face are rarely recognized and controlled. Also, theoret-
ical predictions of such changes, for example, the depth
distribution response caused by applied strain, can only
be described in limited cases only. Positron annihilation
spectroscopy (PAS) can be useful to study processes oc-
curring below the surface.

PAS has been used for decades to study open volume
defects, including defects’ depth distribution, especially
by use of slow positron beam technique [1, 2|. However,
conventional techniques based on positrons emitted from
22Na can be used also successfully for investigation to
detect depth distribution. The latter allows detecting
defects at much larger depths than with slow positron
beam technique, where a range of positrons is limited
to only around 2 pm. For this purpose, the following
procedure is used for many years [3]. A positron source
enveloped in a kapton film is placed on the surface of
a sample and the positron annihilation characteristics,
for example, the mean positron lifetime are measured.
This and also annihilation line shape parameter are sen-
sitive to the defect concentration. After the measure-
ments the sample is etched, for instance in acid to re-
move a layer of specific and controlled thickness and the
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measurement is repeated. Sequential etching and mea-
surements of the positron annihilation characteristics al-
low obtaining their dependence on the etched thickness,
i.e., the depth starting with the initial surface, which
was exposed to the treatment. The experimental history
shows that the etching does not introduce new defects
detected by PAS. This procedure which we call the se-
quential chemical etching procedure determines defects
distribution as a function of depth below the surface.

Since this is a destructive procedure, the sample is de-
stroyed during measurement. Nevertheless, long practice
indicates that the depth distribution profiles are repro-
ducible, however, this procedure allows us to detect de-
fects down to the depths to 500 um. Recent studies have
shown that it is possible to successfully determine the dis-
tribution generated also at shallow depth of about 10 pm,
like in the case of defects caused by implantation of swift
ions [4]. However, the question arises whether the shallow
distributions are not distorted by the positron implanta-
tion profile. It should be remembered that the average
depth of penetration of positrons emitted from 2?Na is
about several dozen pum, so it is much greater than the
total depth of changes caused by implantation of swift
ions. As a result, the measured characteristic is aver-
aged over the positron implantation profile, which is also
a function of depth.

In this report, we describe the method of reconstruct-
ing the actual characteristic measured as the function of
depth obtained in the etching procedure described above.
Such reconstruction is important because, e.g., the ac-
tual mean positron lifetime can be useful for calculating
other properties, such as the depth profile of strain dis-
tribution that is important for engineering applications.
An example of using this reconstruction to determine the
distribution of defect depth in tribolayer in molybdenum,
and the distribution of depth of damage caused by fast
167 MeV Xe?57 jons in silicon wafer will be presented.
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2. The theoretical approach

Assume that after etching a layer with a thickness of
z, the measured value of the mean positron lifetime on
the surface is denoted as: 7,,,(z). This value is related
to the actual mean positron lifetime at depth &: 7(&) as
follows [5]:

oo
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z
where p(z) is the implantation profile of positrons emit-
ted from the 22Na isotope. A similar relationship can be
written for another measured characteristic, i.e., the an-

nihilation line shape parameter called the S-parameter
oo
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At this stage, let us assume that the positron implanta-
tion profile is expressed by the exponential decay function
as follows:

p(z) = pexp (—pz), 3)
where  is the linear absorption coefficient for positrons.
This profile is normalized to unity. Equation (1) can be

then expanded in the following series:
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where Az represents the thickness of the etched layer at
each step. The first term in this series can be approxi-

mated as follows:
z+Az
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where w = Azp and (7(z : z + Az)) represents the av-
erage value of the actual mean positron lifetime 7 at a
depth range from z to z + Az. Assuming that w < 1 we
can neglect the second term with w? in Eq. (5). Repeat-
ing this for other terms in Eq. (4) we obtain the following
equation:

Tm(z) 2w (T(z: z + Az))

+wz V(T (24 iAz: 2+ (i + 1)A2)). (6)

Subsequently, we write a similar equation but for the
measured mean positron lifetime after etching a layer of
thickness Az:

o0
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After subtracting Eq. (7) and Eq. (6) we obtain the fol-
lowing equation for the average value of the actual mean
positron lifetime at the depth range from z to z + Az:
n Tm(2) — Tm(z + Az)

v (8)
For Az — 0 this is sought to be the value of the actual
mean positron lifetime at the depth of z. In further con-
siderations, the results in Eq. (8) will be treated as the
actual positron lifetime at the depth of z. In Eq. (8)
the Az is the thickness of the etched layer, however, in
practice, this value can be varied at each step then this
equation can be extended as follows:
(2 An)) 2 7+ D) + 2 =Tl EA%),

)

where wy, = ulAzg and Az is the thickness of an etched
layer at every step.

A small value, i.e., w less than the unity desired in
Eq. (6) is placed in the denominator in Eq. (8). This
significantly affects the accuracy of the average value
of the actual mean positron lifetime. Also, w depends
on two values determined experimentally. The etched
layer thickness in a common experiment can be deter-
mined within the accuracy of +1 pm, if a digital mi-
crometer screw is used. The approximated value of the
linear absorption coefficient p can be another source of
uncertainty.

The Monte Carlo simulations, as well as experiments
carried out by other authors [6], show that the positron
implantation profile from the 381 decay isotope has a
much more complex form than that expressed in Eq. (3).
The authors suggest a better description of this profile
can be expressed as follows [7]:

exp (—2uz), z<d,
=N
p(z) H{ exp(—p(z+d)), z>d,

where N = 2/[1 + exp (—2ud)] is the normalized con-
stant and d ~ 0.5/p. Thus in Egs. (8) and (9), we should
use: w =4p/ (1+ e 1) Az = 2.924uAz, when Az < din
the experiment and w = 2u/ (1 + e’l) Az = 1.462uAz%,
when Az > d.

Other authors suggest using different functions to de-
scribe the implantation profile, but they require more pa-
rameters than one, as in Eq. (10) [8, 9]. However, at this
stage, the Monte Carlo simulations can be used instead
of experimental methods to determine them. The value
of the linear absorption coefficient can be calculated us-
ing an empirical formula: plem™1] = 12.6pZ%17/EL28
where p is a density of material that is implanted by
positron’s in [g/cm3], Z is the atomic number, and
Eax is the endpoint of the beta+ spectrum, which
in 22Na, is 0.545 MeV |[7].

(T(z: 24+ Az2)) = Tz + Az)

(10)
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3. The application of the proposed method

3.1. Molybdenum exposed to the friction

For many years, we used the sequential chemical etch-
ing procedure to study the distribution of positron life-
time characteristics in samples subjected to friction [3].
The damage region was observed even at a depth of hun-
dreds of micrometers with a characteristic exponential
decay as the depth increased. Here we show the example
with pure molybdenum sample exposed to the dry sliding
process.

A molybdenum sample of 99.95% purity purchased
from Goodfellow, used in our experiment had the shape of
a disc with a diameter of 10 mm and a thickness of 2 mm.
Initially, two discs were annealed in a vacuum (10~° Torr)
at 1010°C for 1 h, and then slowly cooled to room tem-
perature. The samples were etched in the 10:10:2 volume
mixture of HoO:HNOg3:HF to remove a layer of the sur-
face about 50 pm thick.

The present work used digital positron lifetime spectro-
meter purchased from TechnoAP with two photomultipli-
ers: H3378-50 coupled with BaF; scintillators. The time
resolution of the spectrometer was about 170 ps. The
isotope 2?Na was used as the positron source. It was en-
veloped into a 7 pum thick kapton foil, with the activity
of about 20 p Ci. In molybdenum, the linear absorption
coefficient for these positrons is about 527 cm ™! from the
empirical formula. All spectra were deconvoluted using
LT code [10].

The measurement of positron lifetime revealed one
component that equals 115(0.7) ps in the virgin sam-
ple. This value aligns with the values for bulk lifetime
reported in the literature: 115 ps in Ref. [11], 120 ps
in Ref. [12], and 118-120 ps in Ref. [13]. Then the vir-
gin sample was mounted in a tribotester and its surface
was exerted with a load of 25 N onto a rotating disk for
1 min. The rotating disc 50 mm in diameter was made
of the high-speed steel (HS18 with hardness about 670
HVO0.1). The speed of the disc relative to the surface of
the sample was about 15 cm/s. The test was carried out
in air for one minute.

The measurement of the positron lifetime spectrum di-
rectly at the worn surface revealed two-lifetime compo-
nents. The value of the first one was equal to 126(4) ps
and the second one 237(11) ps with the intensities of
75(3) % and 25(3) %, respectively. This indicates the
presence of dislocations and small vacancy clusters con-
sisting of about two vacancies [14, 15]. With the increas-
ing depth, the intensity of the second lifetime component
decreases. The further analysis, however, is based on
the mean positron lifetime, calculated from the obtained
data. The determined mean lifetime values in function of
depth are depicted in Fig. 1. It decreases exponentially
with the depth and at the depth of about 75 pm reaches
the bulk value, tagged by the hatched region. This is
the total depth of the subsurface zone generated during
the dry sliding test. It is the shortest range as we ob-
served up to now. The solid line in Fig. 1 represents the
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Fig. 1. The measured mean positron lifetime as the
function of depth for pure molybdenum sample sub-
jected to the friction, closed circles. The solid line rep-
resents the results of reconstruction of the actual mean
positron lifetime using Eq. (9) and the dashed line the
implantation profile of ?Na positrons in molybdenum
(right axis), see Eq. 10. The hatched region tags the
value of positron lifetime resolved for a well-annealed
sample.

results of reconstruction of the mean positron lifetime
obtained using Eq. (9). One can notice that this depen-
dence aligns with the experimental points, no significant
deviation is observed. The dashed line in Fig. 1 repre-
sents the positron implantation profile in molybdenum
(right axis), see Eq. 10. The reconstruction, in this case,
is not necessary, since the range of mean positron life-
time, solid line is comparable with the range of positrons,
dashed line, in Fig. 1. However, in the case when the
depth range of generated defects is much less than the
range of positrons, as it is in the case of implantation of
swift ions, the reconstruction will be required.

3.2. Silicon irradiated with Xe ions

The proposed reconstruction method has been applied
to studies of the depth distribution of mean positron
lifetime in pure bismuth irradiated with swift Xe26+
ions [16]. This encouraged us to conduct the studies
in a silicon polished wafer (100) obtained by a floating
zone method. The implantation of the wafer was per-
formed at IC-100 cyclotron at Flerov Laboratory of Nu-
clear Reactions at Joint Institute for Nuclear Research
(JINR) in Dubna, Russia. Xe?¢* heavy ions with an
energy of 167 MeV and dose of 5 x 10'2 ions/cm? were
implanted into the wafer, with no additional treatments
performed before. The samples were etched in the 4:1
volume mixture of HNOg3:HF acids. The projectile range
of this ion in the silicon according to the SRIM code is
about 21 pm [17]. In the all measured positron lifetime
spectra, only a single lifetime component was resolved.
Before implantation, the value of 208(1) ps was found
and it corresponds to the data reported in the litera-
ture [18]. The measurement at the entrance surface after
implantation revealed that the positron lifetime increased
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Fig. 2. The measured mean positron lifetime as the

function of depth for silicon wafer subjected to irradia-
tion with 167 MeV Xe?* ions, closed circles. The solid
line represents the results of reconstruction of the actual
mean positron lifetime using Eq. (9) and the dashed line
the implantation profile of “Na positrons in silicon, see
Eq. 10. The gray rectangular tags the implanted layer,
where ions are traveling until they slow down and stop
completely. The hatched region represents the value of
positron lifetime resolved for the sample before implan-
tation.

to about 221(1) ps. In the literature similar value is re-
ported in undoped float zone silicon after 3 MeV electron
irradiation at 20 K with a dose of 10'% cm=2 [19].

After etching the lifetime value decreases linearly, and
at the depth of about 20 pm, the “initial value” was
reached, as shown in Fig. 2, where the closed circles rep-
resent the resolved values as the function of the depth
starting with the entrance surface. The solid line in Fig. 2
represents the reconstruction of the positron lifetime us-
ing Eq. (9) to the experimental points. It is visible that
up to the depth of about 12 ym the actual value is almost
constant and equal to about 240 ps and then decreases
with the increase in depth. This is contrary to the ex-
perimental values (closed circles) which show a linear de-
crease with the depth. The 250 ps value was reported
as the positron lifetime the neutral mono vacancy in sil-
icon [20]. For silicon, the linear absorption coefficient is
equal to 100 cm™!, and the positron implantation pro-
file is presented in Fig. 2 as the dashed line, see Eq. 10.
The range of positrons is much longer than the range of
damage induced by implantation with Xe?5* ions, and
this causes significant differences. One can note large
scatter of the actual values obtained. This arises from
the fact that an average w value is equal to about 0.06,
and such a small value is in the denominator in Eq. (9).
Nevertheless, the fact that the actual values of the mean
positron lifetime remain almost constant within the layer
directly affected by the ions tagged by a gray region in
Fig. 2 is an interesting result. This is a contradiction to
predicting calculations of SRIM code [17], which indicate
that larger vacancy concentration is at the end of the ion
track, i.e., near the projectile range. The experimental
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results suggest that beyond the projectile range we did
not find the presence of defects which would be indicated
by an increase of the mean positron lifetime. Thus no
“long range effect”, as reported by other authors [21] was
observed, presumably the applied dose is too small to in-
duce this effect. This example shows us that reconstruc-
tion may be necessary when using a sequential chemical
etching procedure for testing implanted layers.

4. Conclusions

The method for reconstruction of the actual value of
mean positron lifetime from the experimental values ob-
tained from the sequential chemical etching procedure
was proposed. The method is suitable for reconstruction
of results of experiments when the range of positrons sig-
nificantly differs in the range of generated defects, as it
is in the case of implantation of swift ions. This was
shown on the example of silicon wafer implanted with
167 MeV Xe?5* ions. The actual mean positron lifetime
obtained is almost constant to the depth of about 12 pum,
and then decreases to the initial value. This result is in
contradiction to the results of the Monte Carlo simula-
tion performed by SRIM code. Approximately, the range
of damage region induced by swift ions implantation cor-
responds with the projectile range, and no “long range
effect” was found. When the distribution of the defect
range was comparable to the positron range, the actual
and measured value align pretty well. This occurs when
defects arise as a result of friction or other mechanical
processes.
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