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Positron annihilation spectroscopy (PAS) has been demonstrated
to be one of the efficient modern methods for the determination
of nanodefect – such as vacancy and vacancy cluster – sizes,
the free volume of pores, cavities, and voids, as well as their
concentration and chemical composition at annihilation sites in
porous systems, some defective materials, and, generally speaking,
plenty of technologically important materials and nanomaterials.
The results of experimental researches dealing with nanodefects
in porous silicon, silicon, single-crystalline quartz, and quartz
powders irradiated with protons have been reviewed in brief.

1. Introduction

Positron annihilation spectroscopy (PAS) [1–7] allows
the electron structure of perfect crystals to be
determined. Moreover, various imperfections, such as
vacancies, vacancy clusters, and voids, with especially
small dimensions – down to a cubic nanometer – can
be revealed with its help in solids and porous systems.
PAS mainly includes three methods: the studies of the
time distribution of annihilation photons (TDAP), the
angular distribution of annihilation photons (ADAP),
and the Doppler broadening of the annihilation line at an
energy of 0.511 MeV (DBAL) [1,2]. The TDAP method
gives information on the electron density at the positron
annihilation site, whereas the two others (ADAP and
DBAL) provide information on the distribution of
electron momenta and on the chemical composition of
the nanoobject environment around an annihilation site.
The PAS methods are classed into two groups. The
methods belonging to the first group use slow positrons,
which allows near-surface layers at small depths to be
investigated. In the methods of the second group, fast
positrons are applied which can penetrate into deep
regions (≥ 50 μm) of an object under study and thus
provide information on the type, concentration, and
distribution of defects over the entire volume of the solid.

All those methods are used widely enough for researches
in modern materials science, in particular, in atomic and
electronic one (see, e.g., works [7–32]).

PAS researches in compacted nanocrystalline metals
and alloys [2–8], semiconductors [9–16], and porous
silicon [17] brought about the following results [1–7]:
1. The lifetimes of positrons in compacted
nanocrystalline metals and alloys, as well as in
elementary semiconductors of the germanium or silicon
type that were subjected to irradiation with various
elementary particles and γ-rays differ from those of free
positrons in perfect crystals [6].
2. The fraction of positrons captured onto vacancies
grows with pressure in the case of metals and alloys
and with the exposure dose of irradiation in the case of
semiconductors. This means that the pressure increase
gives rise to an enlargement of the area of interfaces in
the former case and to the concentration growth of point
defects with nanometer-sized dimensions in the case of
semiconductors [6].
3. In metal- and alloy-based nanomaterials, positrons
are mainly captured by mono- and divacancies located
at the interface between neighbor grains (at intergrain
junctions) and by nanopores. The latter are either a
joint of three neighbor crystallites or a free volume
of absent crystallites. Such conclusions can be drawn
due to the results of measurements of the positron
lifetime in compacted metals and alloys [6, 32]. In those
specimens, the lifetime of positrons, τ1, is close to that
of positrons at lattice vacancies in the metal bulk, τIV .
It is adopted that the shortest lifetime τ1 that can be
experimentally fixed in the TDAP spectra is caused
by the annihilation of positrons at vacancies located at
grain interfaces (interface vacancies) and characterized
by dimensions less than 0.2 − 0.4 nm. The intermediate
lifetime τ2 characterizes the positron annihilation in
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three-dimensional vacancy agglomerates – these are
nanopores, the dimensions of which reach 10 interatomic
distances (of about 0.6 − 0.8 nm). A very long lifetime
τ3 corresponds to the positron annihilation in pores –
these are voids, the sizes of which are close to those of
crystallites (more than 1 nm). This circumstance gives
us a possibility to study the interface structure which
governs not only the smallness of grain dimensions, but
the majority of nanomaterial properties.
4. In irradiated semiconductors and porous systems,
positrons are captured by point defects with an average
size of less than 1 nm and pores with an average size
of more than 1 nm [1–3, 11–16, 25–27]. The vacancies
are mainly mono- and divacancies – and, to a less
extent, tetra-, penta-, and hexavacancies – as the most
widespread among other radiation-induced defects, for
instance, in silicon.
5. Free vacancy volumes that capture positrons at low
temperatures in metals and alloys are located at grain
interfaces, rather than in crystallites [6].
6. The capture of positrons by crystallites in metals and
alloys is hardly probable, because a plastic deformation
of metals results in a smaller variation of the positron
lifetime than that under the processing of metals in the
nanocrystalline state by compacting them [6].

For today, it has been established experimentally
that positrons can effectively probe free volumes (mainly
vacancies and divacancies) with dimensions below 1 nm
in metals, alloys, semiconductors, porous systems, and
nanocrystalline compacted materials [1–3,11–16,25–27].
The other straightforward methods, including high-
resolution transmission electron microscopy and the
researches of atomic diffusion, are very difficult to use for
studying the interfaces. At the same time, the sensitivity
of the positron annihilation method with respect to the
concentration of positron-sensitive defects is restricted
from below by 1014 − 1015 cm−3.

In monography [6], it is asserted that the issues
concerning the interface structure and its atomic
density, as well as the influence of nanopores and
other free volumes on nanomaterial properties, still
remain unexplored and unapprehended. Therefore,
one of the key aims of works devoted to studying
the nanomaterials by the positron method is to
find correlations between the nature, dimensions, and
concentration of nanoobjects, on the other hand, and
the quality of applied modern materials, on the other
hand. For this purpose, i.e. to search such correlations,
various methods can be used.

Below, we consider the methods for the
determination of the size of nanoobjects, their

concentration, and the chemical composition of a
medium surrounding nanoobjects. These methods
used the experimentally measured parameters of
TDAP and ADAP spectra for positrons annihilating
in porous systems and elementary semiconductors
of the germanium or silicon type, as well as other
technologically important materials which were
subjected to irradiation by various elementary particles
and γ-rays. The methods are based on theoretical ideas
developed in works [18–24]. We also discuss various
examples of their application.

2. Determination of Sizes and Free Volumes of
Vacancies, Pores, and Voids in Porous
Systems, Nanomaterials, and Other
Technologically Important Materials

A simple model, where a cavity is simulated by a
spherical well of radius R0 with an infinite potential
barrier, is used, as a rule, to calculate the pore size.
A positron and a positronium are in this cavity, and
they annihilate in it. In so doing, a para-positronium (p-
Ps) mainly annihilates with its own electron, whereas
an ortho-positronium (o-Ps) and a positron annihilate
with the electrons provided by the environment that
surrounds the cavity. To ensure an opportunity for the
pick-off annihilation to run, it is postulated that the
wave functions of a positron and a positron that is a part
of o-Ps overlap with those of environmental electrons in
a boundary region ΔR, so that the radius R of the pore
free volume is R = R0 − ΔR.

Simple quantum-mechanical calculations allow one
to present the lifetime τ3 of a positron and an o-Ps in the
cavity in terms of the cavity dimension R0 and ΔR [19]:

τ = τb

[
ΔR

R0
− sin(2πΔR/R0)

2π

]−1

. (1)

In this formula, τb has the meaning of either the positron
lifetime (τb ≈ 0.22 ns [33]) or the spin-averaged lifetime
of a positronium in the medium bulk (beyond a pore or
a vacancy) (τb ≈ 0.5 ns [18–24]).

The analysis of the o-Ps annihilation in molecular
solids and zeolites with known values of pore radii, which
was made in work [19] on the basis of Eq. (1), showed
that Rw ≡ ΔR = R0 −R = 1.66 Å. Generally speaking,
the magnitude of Rw depends on the substance nature.
Therefore, in our case of silicon and quartz, Eq. (1) can
be applied only to estimate the radii of pores. Note that
TDAP spectroscopy turned out an especially efficient
method for the determination of the pore and micropore
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dimensions, as well as the pore distribution over radii
in porous systems (adsorbents, zeolites, molecular solid
substances, and so on) [6, 18–24].

Let us apply the same quantum-mechanical model of
Ps to obtain a relation between the experimental value of
the full width half-maximum (FWHM) θ1/2 of a narrow
ADAP component and the free volume radius R. In the
p-Ps case, the sought relation looks like [19]

R =
16.60
θ1/2

− RW , (2)

where R and RW are measured in angströms, and θ1/2

in microradians. Using Eqs. (1) and (2), we can estimate
the free volume radii in porous systems, defective
materials, and nanomaterials by measuring θ1/2 of the
narrow component with the help of the ADAP method.
Note that, in the regarded silicon and quartz cases, the
approximate formula

R ≈ R0 = 16.6/θ1/2 [Å] (3)

is to be used, because we have not found the RW -values
for those substances in the literature. In formula (3), θ1/2

is the width of the narrow component in ADAP spectra
arising due to the motion of the center of p-Ps masses.

The ADAP method is more advantageous in
comparison with the TDAP one, because the former
provides orientational dependences of R (along the
direction of measured momenta), whereas the latter
gives only the averaged values of this quantity. However,
the measurements of ADAP spectra consume more time.
Below, we present the results of the determination of
nanoobject dimensions and concentrations in porous
silicon, silicon, single-crystalline quartz irradiated with
protons, and quartz powders measured by the ADAP
method. The results were obtained in the framework
of the calculation techniques reported above. The
experimental data were obtained earlier [2, 3, 15–17, 25–
27,31] and in a number of new experiments with single-
crystalline quartz and quartz powders.

Fig. 1. Angular distributions of annihilation photons in single-
crystalline silicon specimens (single-crystalline Si, mirror-polished,
p-type, orientation 〈111〉, BDS–10, h = 340 μm): (1 ) experimental
ADAP curve, (2 ) parabolic and (3 ) Gaussian spectral components.
Analyzer channels are reckoned along the abscissa axis (1 channel
= 0.2 mrad) and the number of events along the ordinate axis

3. Determination of Pore Radius and
Concentration in Porous Silicon

The data in Table 1, as well as a comparison between
Figs. 1 and 2 in works [17,25], testify to the presence of
p-Ps in porous silicon – see, for instance, porous silicon
specimen PR86 (Table 1) and Fig. 2. The experimental
ADAP spectra of this specimen are well approximated
by a parabola (Ip) and two Gaussians (Ig1 and Ig2).
In defect-free silicon crystals (Fig. 1) and in a number
of porous silicon specimens [25], these spectra are a
superposition of a parabola and a Gaussian. The

T a b l e 1. Parameters of porous silicon specimens, features of their fabrication, and ADAP spectrum characteristics

No. Specimen Ig2 = Sg1/Ssum Ig1 = Sg1/Ssum Ip = Sp/Ssum Remarks
of specimen characteristics
PR86 porous Si, 〈111〉, 0.015± 0.493± 0.492± Porosity

BDS–0.03, h =360–370 μm, 0.003 0.052 0.044 ∼45%±3 %
HF:C2H5OH=2:1, J =20 mA/сm2

F o o t n o t e: h is the thickness of silicon wafers, 〈111〉 is their crystallographic orientation, BDS–0.03 is the mark of boron-doped silicon
wafers with a specific resistance of 0.03 Ω × cm, Ig = Sgi/Ssum (i = 1, 2) are the intensities of Gaussian components, Ip = Sp/Ssum is
the parabolic component intensity in ADAP spectra, Ssum is the total area of the experimental ADAP spectrum, Sgi and Sp are the
areas of its Gaussian and parabolic components, respectively, and J is the current density.
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Fig. 2. Angular distributions of annihilation photons in porous
silicon specimens (porous Si, 〈111〉, BDS–0.03, h = 360 −
370 μm, HF:C2H5OH = 2:1, porosity is 45 ± 3%, 2 Gaussians
+ parabola (see Table 1)): (1 ) total experimental spectrum (the
sum of spectra 2, 3, and 4 ), (2 ) the first Gaussian component,
(3) parabolic component, (4 ) the second Gaussian component.
Analyzer channels are reckoned along the abscissa axis (1 channel
= 0.2 mrad) and the number of coincidences along the ordinate
axis

parabolic component can be explained by the
annihilation of positrons with electrons from the silicon
valence band. At the same time, the wide Gaussian
component Ig1 stems from the multichannel annihilation
of positrons and o-Ps in a defect-free part of the crystal
in the volume and on the surface of pores, whereas the
narrow Gaussian component Ig2 is a result of the p-Ps
annihilation decay in the pore volume. The FWHM
of the latter component (θ1/2)g2 amounts to about
0.8 mrad, which corresponds to a kinetic energy of the
annihilating electron-positron pair of 0.044 eV and its
intensity of about 1.5%. In this case, the total yield of
positronium in porous silicon reaches about 6%.

To determine the radii of positron traps in porous
silicon Rtr on the basis of (θ1/2)g2-values (see Table 1),
we used formula (3). For the experimental value
(θ1/2)g2 = 0.8 mrad (see above), we obtained the average
pore radius Rtr ≈ 20.75 Å ≈ 2 nm.

The consideration of the kinetic scheme that
describes annihilation decays and transformations of a

positron and a positronium in the porous layer enabled
us to obtain a relation between the rate ktr of their
capture by pores and the component intensity Ig2 [25]:

ktr = tg2λcr [s−1]. (4)

Here, λcr ≈ λs = 0.8 × 1010 s−1 is the rate of
p − Ps annihilation decay. In its turn, the rate of
positron annihilation can be taken equal to λcr ≈ (λ1 =
1/τ1) [s−1] [31], where τ1 is the short lifetime of a
positron in the crystal, and λ1 is the corresponding
annihilation rate. Substituting the values Ig2 ≈ 0.015
(see Table 1) and λcr ≈ 0.8 × 1010 s−1 into formula (4),
we obtain the average rate of p-Ps capture by pores,
ktr = 1.2 × 108 s−1.

The capture rate ktr can be determined, in turn, on
the basis of the well-known expression

ktr = ζ(Rtr, T )σtrvNtr [s−1]. (5)

Here, ζ(Rtr, T ) is the dimensionless probability of the
positron or positronium capture by pores that depends
on the pore radius Rtr and the temperature T [32],
σtr is the average cross-section of the positronium and
positron capture by defects, v is the velocity of a
thermalized positronium or positron, and Ntr is the
average concentration of defects (in the defective region
of the crystal) that are sensitive to thermalized bulk
states of a positronium and a positron. Hence, the given
expressions allow the quantities ktr, Ntr, and Rtr to
be determined, provided that such parameters as λ1,
σtr, and v are known. The average thermal velocity
of a positronium and a positron at room temperature
T = 293 K was evaluated by the formula v =
(8k0T/πm∗

+)1/2 ≈ 7.52 × 106 cm/s, where k0 is the
Boltzmann constant, m∗

+ = 2m0 is the effective mass
of p-Ps, and m0 = 9.1 × 10−28 g is the free positron
mass. We assume that the cross-section of positron and
positronium capture by pores is equal to the average
geometrical cross-section of a defect σtr ≈ πR2

tr.
Taking Rtr ≈ 20 × 10−8 cm and ζ(R, T ) ≈ 1 and

using the values of ktr and v calculated above and
formula (5), we determined the average concentration
of p-Ps capture centers in the porous silicon layer to
be Ntr = ktr/(σtrv) = 1.2 × 108/(3.14 × 4 × 10−16 ×
7.52 × 108) ≈ 1.27 × 1014 cm−3. According to these
data, we may assume that the effective free centers
(the regions of positronium capture) are most likely
ultramicropores and micropores with dimensions ≤ 2 nm
in the porous silicon layer. These estimations are in
satisfactory agreement with estimations of the pore
size done by formula (1), which we obtained earlier in
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work [2] for porous silicon using the data of the TDAP
method.

Knowing the total porosity (45%) and the average
pore volume, we can evaluate the concentration of pores
on the basis of simple geometrical considerations. By
comparing it with the calculated Ntr, we verify the
reliability of the accepted approximations. The average
size of a pore determined by us, Rtr ≈ 2 nm, corresponds
to its average volume Vtr = 4

3πR3
tr = 3.35 × 10−20cm3.

In the case of “close packing” of such pores and the
total porosity equal to 0.45, the pore concentration could
be equal to NG

tr ≈ 0.45/Vtr ≈ 1.35 × 1019 cm−3. The
discrepancy between this value and the concentration
Ntr = 1.3 × 1014 cm−3 determined by us is too large,
which probably testifies to a contribution of very large
volumes of pores and voids with larger dimensions to
the volume of the porous silicon layer. Any comments
on this matter would be premature in this paper. The
role of nanoobjects in porous silicon should also be
comprehended.

Hence, the results obtained allow us to hope for that
the further research will make it possible to connect the
parameters of annihilation spectra with pore dimensions
and pore topology.

4. Determination of Pore Radius and
Concentration in Silicon Wafers Irradiated
with Protons

The 10 × 20 × 10-mm3 specimens under study were
cut out from unbroken wafers of n-silicon with the
〈100〉 orientation. Four specimens designated below as
Si10 (the initial, nonirradiated specimen), Si12, Si14,
and Si15 (these are silicon specimens irradiated by
protons with the energy E and the fluence Φ) were

chosen for researches. The parameters of investigated
silicon wafers, the features of their fabrication, and the
key characteristics of their ADAP spectra are listed in
Table 2.

According to the results of works [15, 16, 26],
the difference between the intensities of Gaussian
components of the irradiated silicon wafer, Ig(irr), and
the initial – nonirradiated – one, Ig(nonirr), in the
corresponding ADAP spectra can be written down in
the form

ΔIg = Ig(irr)−Ig(nonirr) ∼ ktrτ1, (6)

i.e. the average capture rate amounts to

ktr ∼ ΔIg/τ1, (7)

where

ktr =
1
i

∑
i

gi(kbi)tr. (8)

In formulas (6) and (7), τ1 is the short lifetime of a
positron in the silicon crystal, gi is the statistical weight
of the “defect state” of the i-th positron contributing
to the common annihilation process, and kbi is the rate
of capture into the i-th state. The quantity kbi can be
determined, in turn, by a formula like expression (4).
According to Eq. (4), for ΔIg = 0.293 − 0.256 = 0.037
[26] (see the Ig-values in the last and the first row of
Table 2, respectively) and τ1 = 2.19×10−10 s, we obtain
ktr ≈ 1.7 × 108 s−1.

We can also find the dimensions of vacancies,
vacancy complexes, and pores, as well as the energies
E, making use of only ADAP data, if we suppose the

T a b l e 2. Parameters of porous silicon specimens, features of their fabrication, and ADAP spectrum characteristics

No. of specimen Substance (θg)1/2, mrad Ig = Sg/Ssum (θp)1/2, mrad IP = Sp/Ssum Remarks

Si 10 Si, 〈100〉, PDS–4.5, 11.0 ± 0.256± 6.98 0.744±
h=455 μm, n-type 0.3 0.04 0.049

Si 12 Si, 〈100〉, PDS–4.5 11.1 ± 0.256 ± 6.93 0.735± proton-irradiated
h =415 μm 0.32 0.04 0.051 E=40 keV, Φ=5×1016 сm−2

Si 14 Si, 〈100〉, PDS 11.1 ± 0.283 ± 6.94 0.717 ± proton-irradiated
2–3, h =418 μm 0.27 0.04 0.045 E=150 keV, Φ = 4×1016 сm−2

Si 15 Si, 〈100〉, PDS 11.1 ± 0.293 ± 6.81 0.707 ± proton-irradiated
2–3 h =418 μm 0.28 0.041 0.047 E=150 keV, Φ = 4×1016 сm−2

F o o t n o t e: h is the thickness of silicon wafers, 〈100〉 is their crystallographic orientation, PDS–4.5 is the mark of phosphor-doped
silicon wafers with specific resistances of 4.5 and 2− 3 Ω× cm, E is the energy of protons, Φ is their fluence, (θg)1/2 is the width of the
Gaussian component with intensity Ig = Sg/Ssum, θp is the cutoff angle for the parabolic component with intensity Ip = Sp/Ssum in
ADAP spectra (Ssum is the total number of coincidences, Sg and Sp are the rates of coincidence count for the Gaussian and parabolic
components, respectively, in ADAP curves).
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Fig. 3. Dependence of the positron lifetime τ in pores on the
effective pore radius R0 (Eq. (1)) for ΔR = 1.66Å [19] and
τb = 0.219 ns [33]

spherical geometry of those objects at a site of the
positron annihilation with external valence electrons.
Really, the dispersion σ of Gaussian components in
ADAP spectra approximated by the normal law of error
distribution is unambiguously connected with the energy
E of an annihilating electron-positron pair located in a
pore with radius Rtr:

E =
3
2

mc2

2
σ2, (9)

where σ = (θ1/2)g

2
√

2 ln 2
= 0.425(θ1/2)g. Here, (θ1/2)g is the

FWHM of the ADAP curve. Since the majority of works
give the FWHM rather than the dispersion σ, let us write
down an expression for the dependence of the energy of
annihilating electron-positron pairs on the FWHM:

E = 6.9 × 10−2(θ1/2)2g. (10)

Here, the energy E is reckoned in electronvolts and the
FWHM (θ1/2)g in microradians.

In particular, the measured value of (θ1/2)g is
11.1 mrad for silicon specimens (see Table 2), which
corresponds to the average energy of annihilating
electron-positron pairs E = 8.5 eV. Such a value is
due to the average energy of electrons in the external
shell of a silicon atom at the pore wall, which can
be adopted equal to the energy of an electron in the
external shell of an isolated silicon atom. In so doing, we
take into account that the positron and the positronium
have enough time to get thermalized before annihilation,
and that the measured energy is mainly determined
by the energy of an electron. The tabulated value of
the energy for the external electron shell of a silicon
atom, Si(3p2− 3P0), is E(Si) = 8.1517 eV [28]. As we
see, the agreement between those energy values is quite

satisfactory. Therefore, positrons mainly annihilate with
external valence electrons of silicon atoms belonging to
the pore “wall”. We may assume that the difference
E−E(Si) = 0.35 eV follows from the contribution to the
energy of the annihilating electron-positron pair given by
a positron located in the spherical defect.

We also used Eq. (1) to determine the radii of
vacancy free volumes from the experimental (the TDAP
method) values of positron lifetimes in silicon irradiated
with electrons and protons [33–37]. We suggested that,
in our case, the moderate proton energies and proton
exposure doses would be enough, and that point defects
were predominately generated in the course of silicon
wafer irradiation [33]. The positron lifetime falls within
the interval from 266 to 270 ps in monovacancies and
from 300 to 325 ps in divacancies. In tetravacancies,
this quantity is equal to 435 ps, in pentavacancies to
505 ps, and in hexavacancies to about 520 ps [33–37]. In
Fig. 3, the dependence of those τ -values on R0 (formula
(1)) is plotted. The average effective radius of radiation-
induced defects, which can be determined by formula
(1), amounts to Rtr ≡ R0 ≈ 1.7 Å for the average
lifetime.

Therefore, if we consider that a vacancy or a pore
(a potential well) contains a positron rather than a
positronium and that the positron annihilates with
electrons of the wall material, its energy in the well
should be of the order of 0.35 eV at E = 11.1 eV. Since
the energy of a particle in a potential well is determined
by the well dimensions, such a positron energy –
according to formula (2) – should correspond to the well
radius R̄tr ≤ 10.4 Å for (θ1/2)g = 11.1 mrad. A rather
large discrepancy between the Rtr-values determined in
the framework of the TDAP and ADAP methods can
be explained either by methodological errors or by the
fact that the TDAP method allows the averaged values
R̄tr to be determined in the spherical approximation for
vacancy defects, whereas the ADAP method can provide
the orientational dependences of Rtr (along the direction
of measured momenta). According to the microscopic
theory of vacancy defects (for instance, for a vacancy
in silicon [38]), the orientational dependences of electron
properties of a vacancy along various crystallographic
directions demonstrate appreciable features. It happens
that a vacancy has four charging states – V +, V 0,
V −, and V −− – but only the last two of them can be
observed using the EPR method. Probably, the ADAP
method gives a possibility to observe the dependences
of the electron properties of the vacancy walls and
their dimensions on the crystallographic direction. The
further careful researches in this direction are needed.
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The lattice constant of silicon is equal to a = 5.43 Å,
and the corresponding average interatomic distance is
rSi = 2.087 Å. The radius values measured following the
TDAP method are Rtr ≈ 1.7 Å and rSi = 2.087 Å, which
evidences for a satisfactory character of the models
used. Again, the value Rtr ≈ 1.7 Å gives rise to the
average cross-section of positron capture by defects σtr ≈
πR2

tr ≈ 9 × 10−16 cm2. In order to estimate the average
concentrations of radiation-induced defects making use
of formula (4), we take that ktr ≈ 1.7 × 108 s−1, σtr ≈
8×10−16 cm2, and v ≈ 107 cm/s. For the concentration
of radiation-induced defects, we obtain Ntr ≈ 2 ×
1016 cm−3 in the case of n-silicon with orientation (100)
[26] and Ntr = 1016 ÷ 1017 cm−3 in the case of p-

silicon with orientation (111) [15,16] (see Tables 2 to 5).
All the abovesaid allows us to suggest that radiation-
induced defects of the monovacancy V type and their
complexes [29, 30] predominantly manifest themselves
in the studied n- and p-silicon wafers subjected to
proton irradiation. It is point-like radiation defects with
dimensions (diameters) ranging from 2 to 10 Å that
are the effective centers of positron capture [26]. Hence,
the positron method allows the concentrations of point-
like radiation-induced defects with dimensions ≤ 1 nm
in silicon to be effectively estimated. Such defects are
practically inaccessible for observation in the framework
of other available methods. Note that it is the positron
methods that allowed the fact that point defects play a

T a b l e 3. Parameters of p-Si specimens and features of their fabrication

No. of specimen Specimen characteristics Remarks
164(1) single-crystalline Si, mirror-polished, 〈111〉, class 11 surface finish

BDS–10, h = 340 μm

165(2) single-crystalline Si, mirror-polished, 〈111〉, class 11 surface finish
BDS–10, h = 340 μm, proton-irradiated
(E = 3 MeV, Φ = 1.03 × 1016 cm−2)

163(3) single-crystalline Si, mirror-polished, 〈111〉, BDS–10, class 11 surface finish
h = 340 μm, proton-irradiated

(E = 3 MeV, Φ = 4.3 × 1016 cm−2)

153(4) single-crystalline Si, polished, 〈111〉,
BDS–10/20, h = 490 μm, ρ = 9.8–10.0 Ω × cm

166(5) single-crystalline Si, polished, 〈111〉,
BDS–10/20, h = 490 μm, ρ = 9.84–10.0 Ω × cm, proton-irradiated

(E = 3 MeV, Φ = 5.15 × 1015 cm−2)

152(6) single-crystalline Si, ground, p-type, 〈111〉,
BDS–10, h = 500 μm, ρ = 8.6 Ω × cm

154(7) single-crystalline Si, ground, p-type, 〈111〉, 22-mm beam shift with respect
BDS–10, h = 500 μm, ρ = 8.6 Ω × cm, proton-irradiated to target center

(E = 3 MeV, Φ = 6.88 × 1015 cm−2)

155(8) single-crystalline Si, ground, p-type, 〈111〉, Beam centered on the target
BDS–10, h = 500 μm, ρ = 8.6 Ω × cm, proton-irradiated

(E = 3 MeV, Φ = 7 × 1015 cm−2)

162(9) single-crystalline Si, ground, p-type, 〈111〉,
BDS–10, h = 500 μm, ρ = 8.6 Ω × cm, proton-irradiated

(E = 3 MeV, Φ = 1.9 × 1016 cm−2)

T a b l e 4. ADAP spectrum characteristics of p-Si specimens and parameters of radiation-induced defects

No. of specimen Ig = Sg/Ssum Ip = Sp/Ssum ktr × 10−9, s−1 Rtr, Å Ntr × 10−17, сm−3

164(1) 0.335±0.031 0.665±0.035
165(2) 0.600±0.030 0.400±0.022 1.2 1.6 1.5
163(3) 0.589±0.028 0.411±0.021 1.15 1.6 1.4
153(4) 0.330±0.029 0.670±0.034 1.6
166(5) 0.373±0.032 0.627±0.034 0.19 1.6 0.2
152(6) 0.305±0.029 0.695±0.035
154(7) 0.446±0.049 0.554±0.047 0.63 1.6 0.6
155(8) 0.332±0.029 0.668±0.035 – – –
162(9) 0.512±0.026 0.488±0.022 0.93 1.6 1.0
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dominant role in various defective solids to be
established directly.

5. Determination of Free Volume Radius and
Concentration in Quartz Single Crystals
Irradiated with Protons

Our experiments [31] showed that, when completely
thermalized atoms of p-Ps annihilate in quartz single
crystals in the temperature interval 288–633 K, the
FWHM of the narrow component with intensity Ig2

is (θ1/2)g2 ≈ 1.03 ÷ 1.25 mrad only. For the wide
component with intensity Ig1, its FWHM (θ1/2)g1 ≈
10 mrad (see Table 6). These data allow us to speak
about the presence of p-Ps in quartz single crystals.
The total yield of positroniums in quartz reaches a
value of about 12%, and their energy ranges from 0.025
to 0.06 eV. It should be noted that the interaction
between a delocalized p-Ps and the quartz crystal
lattice invokes the appearance of lateral peaks in the
spectrum at angles that are inversely proportional to
the reciprocal lattice vector. At the same time, these
lateral peaks are completely absent from the spectra of
those single-crystalline quartz specimens that contain
as high concentrations of impurities as possible [31].
This circumstance may probably testify that a p-Ps
atom is localized in this case in quartz single crystals
which contain the highest concentrations of impurities
or radiation-induced defects in a region (a cavity)
with a certain volume and the radius equal—by the
order of magnitude—to the quartz lattice constant. The
average value of the radius of this cavity, in which the
annihilation of positronium in quartz occurs and which
is simulated by a potential well with radius Rtr and an
infinite potential barrier, evaluated by formula (3) is
also quoted in Table 5. Note that the dependence of the

narrow component intensity Ig2 = S2/Ssum (Table 6)
on the temperature is rather weak, which, in general,
satisfies the theoretical dependence of Ig2 obtained in
works [24,25]. Here, S2 is the coincidence count rate, i.e.
the area that corresponds to the intensity Ig2 in ADAP
spectra, and Ssum is the total number of coincidences.
The data in Table 6 demonstrate that the p-Ps atom
localization radius varies with temperature from 16.3 Å
at 288 K to 13.3 Å at 623 K. Such an abnormal
dependence of Rtr can hardly be explained in the
framework of the calculation model in use. However, it
can be explained in the framework of the concept of p-Ps
quasiparticle state which arises owing to the interaction
between this localized atom and vibrational states of
crystal structural defects (Ps–phonon interaction) [39,
40]. In this case, the effective mass of p-Ps decreases
with the temperature growth. This is nothing more than
a quantum-mechanical effect caused by the damping of
the positronium quasiparticle state in the crystal. Such
an effect is accompanied by a growth of (θ1/2)g1-values
and, therefore, by a reduction of Rtr (Table 6). Making
use of the data quoted in Table 6, we determined the
concentration of the p-Ps capture centers in quartz: at
Rtr ≈ 12 × 10−8 cm and Ig2 ≈ 0.03, Ntr = ktr/(σtrv) =
Ig2λtr/(πR2

trv) ≈ 4.2 × 10−14 cm−3. According to these
data, we can suggest that the effective free centers (the
regions of positronium capture) are most likely vacancies
or divacancies that emerge due to the elastic stresses
induced by interstitial impurities and radiation defects
in the bulk of a quartz crystal [31].

6. Determination of Pore Free Volume Radius
and Pore Concentration in Quartz Powders

When quartz powders contained particles with various
dimensions, the ADAP spectra could be decomposed

T a b l e 5. Parameters of p-Si specimens, features of their fabrication, and ADAP spectrum characteristics

No. of specimen Specimen characteristics Ig = Sg/Ssum Ip = Sp/Ssum Ntr × 10−16, сm−3

164(1) single-crystalline Si, mirror-polished,
〈111〉,

BDS–10, h = 340 μm
153(4) single-crystalline Si, polished, p-type, 0.330±0.029 0.670±0.034 1.63

〈111〉, BDS–10/20, h = 490 μm,
ρ = 9.8 − 10.0 Ω × cm

152(6) single-crystalline Si, ground, p-type, 0.305±0.029 0.695±0.035 1.60
〈111〉, BDS–10, h = 500 μm,

ρ = 8.6 Ω × cm

F o o t n o t e: h is the thickness of silicon wafers, 〈111〉 is their crystallographic orientation, BDS–10 and BDS–10/20 are the mark of
boron-doped silicon wafers, E and Φ are the energy and the fluence of protons, respectively, Ig = Sg/Ssum is the intensity of Gaussian
component, Ip = Sp/Ssum is the intensity of parabolic component in ADAP spectra, Ssum is the total area of the experimental ADAP
spectrum, Sg and Sp are the areas of its Gaussian and parabolic components, respectively.
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T a b l e 6. Parameters of positron annihilation in quartz at various temperatures

T , К (θ1/2)g2, mrad Ig2 (θ1/2)g1, mrad Ig1 Rtr, Å

633 1.25÷0.05 0.0300÷0.0026 10.70÷0.05 0.9700÷0.0210 13.3
473 1.18÷0.04 0.0326÷0.0021 11.00÷0.04 0.9674÷0.0170 14.1

288 1.02÷0.05 0.0359÷0.0041 10.70÷0.09 0.9641÷0.0320 16.3

T a b l e 7. Results of the processing of the experimental data for quartz powder specimens by an ACARFIT computer
code

No. of specimen Number of components FWHM (θ1/2)gi, mrad Igi % Rtri, Å
(θ1/2)g1 (θ1/2)g2 (θ1/2)g3 Ig1 Ig2 Ig3 Rtr2 Rtr3

N1 2G 9.5 1.7 – 90 10 – 9.76
3G 9.6 2.5 1.3 88 8 4 6.6 12.8

N2 2G 9.1 1.7 – 83 17 – 9.8
3G 9.5 2.6 1.1 79 13 8 6.4 15

N3 2G 8.6 1.8 – 86 14 9.2
3G 9.1 2.4 1.0 84 12 4 6.9 16.6

N4 2G 9.3 1.4 – 76 24 – 11.9
3G 9.5 1.6 0.6 76 22 2 10.4 28

N5 2G 9.5 1.4 – 82 18 – 11.9
3G 9.7 2.0 1.2 81 10 9 8.3 13.8

into two (χ2 ∼ 1.7) or three (χ2 ∼ 0.6) components
with intensities Igi and widths (θ1/2)gi (Table 7).
Basing on the χ2-values, we preferred the case with
three components. The results of the mathematical
processing of ADAP spectra with the help of an
ACARFIT computer code (see Table 1) demonstrate
that the spectra of all quartz powder specimens include
a high-intensity (Ig2 = 10 − 24%), narrow positronium
component ((θ1/2)g2 ≈ 1 mrad). The parameter σ of the
wide Gaussian component remained practically constant
(of about 4 mrad). Since the narrow component intensity
does not exceed 5% in single-crystalline quartz [31], the
emergence of the high-intensity positronium component
is associated with the presence of nano-sized pores and
the surface of powder microparticles [42].

We connect the component characterized by the
intensity Ig1 and the width (θ1/2)g1 with the annihilation
of positrons and o-Ps positrons, on the one hand, and
the valence electrons of quartz, on the other hand
(most likely, the electrons of oxygen anions in quartz
(free collisions) and the electrons belonging to the
bound states of the positron–anion quasiatomic systems
[41]). The components with intensities Ig3 and Ig3 and
widths (θ1/2)g2 and (θ1/2)g3 were associated with the
annihilation of p-Ps captured by various traps with radii
Rtr2 and Rtr3, respectively, distributed over the powder
volume. In this case, we used formula (3) to determine
the radii Rtr2 and Rtr3. For (θ̄1/2)g2 ≈ 1.91 mrad,
Īg2 = 14.8%, and R̄tr2 = 9 Å, we obtained the average
concentration of tr2-traps (N̄tr)2 ≈ 5.8 × 1015 cm−3;
and for (θ̄1/2)g3 ≈ 1.04 mrad, Īg3 = 5.4%, and R̄tr3 =

16.0 Å, we obtained the average concentration of tr3-
traps (N̄tr)3 ≈ 5.8 × 1014 cm−3. On the basis of these
results, we may assume that tr2-traps include p-Ps
capture centers in the near-surface region of quartz
particles (nano-sized pores and the surface of powder
microparticles), whereas tr3-traps include pores in the
bulk of quartz microparticles [42].

Thus, our researches of the positron annihilation
in quartz powders have showed that positrons can
effectively probe various free volumes in these quartz
specimens.

7. Conclusion

By applying the ADAP method, we have determined
the chemical composition of the quartz medium at the
site of the positron annihilation with external valence
electrons of silicon atoms at the vacancy (pore) “wall”,
as well as the dimensions and the concentration of
nano-sized defects in a number of defective materials,
in particular, in wafers of single-crystalline silicon,
quartz single crystals irradiated with protons, and quartz
powders.
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ПОЗИТРОНIКА НАНООБ’ЄКТIВ У ПОРИСТИХ
ТА ДЕФЕКТНИХ СИСТЕМАХ НА ОСНОВI
КРЕМНIЮ I КВАРЦУ

В.I. Графутiн, О.В. Iлюхiна, Г.Г. М’ясищева, Е.П. Прокопь-
єв, С.П. Тимошенкiв, Ю.В. Фунтиков

Р е з ю м е

Показано, що одним iз ефективних методiв визначення роз-
мiрiв нанооб’єктiв (вакансiй, вакансiйних кластерiв) вiльних

об’ємiв пор, порожнин, пустот, їх концентрацiй та хiмiчного
складу в мiсцi анiгiляцiї в пористих системах i деяких де-
фектних матерiалах (i взагалi у низцi технiчно важливих ма-

терiалiв i наноматерiалiв) є метод позитронної анiгiляцiйної

спектроскопiї. Наведено короткий огляд експериментальних
дослiджень нанодефектiв у пористому кремнiї, кремнiї та
монокристалах кварцу, опромiнених протонами, а також у по-
рошках кварцу.
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