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Abstract. Positron annihilation spectroscopy, when combined with high-
quality supporting modeling of positron states and annihilation in matter, is
a powerful tool for detailed defect identification of vacancy-type defects in
semiconductors and oxides. Here we demonstrate that the Doppler broadening
of the positron annihilation radiation is a very sensitive means for observing
the oxygen environment around cation vacancies, the main open-volume defects
trapping positrons in measurements made for transparent semiconducting oxides.
Changes in the positron annihilation signal due to external manipulation such
as irradiation and annealing can be correlated with the associated changes in
the sizes of the detected vacancy clusters. Our examples for ZnO, InpO3 and
SnO2 demonstrate that oxygen vacancies in oxides can be detected directly
using positron annihilation spectroscopy when they are complexed with cation
vacancies.
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1. Introduction

Transparency and conductivity are usually mutually
exclusive material properties since transparency to
visible light requires an optical band gap of around
3eV which generally implies insulating instead of
semiconducting material. One material category
with these properties is the so-called transparent
semiconducting oxides (T'SOs). In the case of TSOs the
conductivity is caused by shallow donor states, which
do not significantly influence the band gap or absorb
light. These states are often attributed to oxygen
vacancies due to both experimental and theoretical
results [1]. The most common TSOs in practical use
are Inp, Oz, SnO3, ZnO and B-GayOs.

For current typical electronic applications, these
materials are heavily n-doped and called transparent
conducting oxides (TCOs) due to the metal-like high
conductivity. In this form these materials find
applications in fields such as flat-panel displays and
photovoltaics [2]. TCOs are typically used as simple
transparent contacts and the requirements for material
quality are equally simple; high conductivity and
transparency. The most common TCO in industrial
use is heavily Sn-doped InpO3 (ITO) mainly due to its
high conductivity [3].

Without degenerate doping, these materials are
called transparent semiconducting oxides (TSOs),
being wide band-gap semiconductors and insulating
in their perfectly stoichiometric form. The current
interest in these materials is fueled by their possible use
in semiconductor devices. If the electrical properties
of TSOs could be controlled similarly to e.g. silicon, a
range of transparent electronics would become possible
[4]. So far, however, the high effect of impurities and
native defects on conductivity has inhibited the use of
these oxides as semiconducting materials.

Positron annihilation spectroscopy is a powerful
method for detection, quantification and identification
of open-volume defects in solids [5]. On one hand,
positrons are sensitive to vacancy defects where
they easily get trapped at due to reduced repulsion
of positive nuclei, but on the other hand, other
point defects, extended defects or impurities do not
complicate measurements. The sensitivity range for
vacancies is in the technologically relevant regime of
10'6-10' ecm™3. One can study both thin films and
bulk, and the samples can equally well be insulating
as conducting. Measuring positron lifetimes gives

an indication on the sizes of open volumes within
the sample, whereas the most powerful technique
for true defect identification, Doppler broadening,
measuring the momenta of annihilating electron-
positron pairs via the Doppler broadening of the
511 keV annihilation line, also can reveal dopant
or impurity atoms around vacancies. Recently,
the combination of experiments and computational
modeling has enabled also the investigation of even
more subtle effects in measured spectra, for instance
due to clustering of small N vacancies with In vacancies
in InN [6] or due to open-volume defects with very
small open volume trapping the positron, such as
at a substitutional Li on Zn site in ZnO [7]. The
close collaboration between experiment and theory
has significantly advanced the capability to interpret
the results of positron annihilation experiments during
recent years [5]. In the present article our focus
is in obtaining a better understanding of recent
positron annihilation experiments made on transparent
semiconducting oxides [8, 9] by combining them with
first-principles calculations of measurable positron
annilation parameters [10] for a more detailed defect
identification. Our results and their comparison with
experiments will also help to highlight the sensitivity
of the Doppler broadening to the oxygen environment
in oxides and establish positron annihilation as a
tool being able to detect directly oxygen vacancies
as complexed to cation vacancies with a larger open
volume for the positron to trap to.

The structure of the present paper is as follows.
In Sec. 2 we introduce some of our main ideas on the
sensitivity and applicability of positron annihilation
methods, especially Doppler broadening, in the
identification of open-volume defects in transparent
semiconducting oxides and more generally in oxides.
We emphasize the sensitivity of the measured Doppler
broadening on the number of oxygen ions surrounding
the annihilation site. In Sec. 3 we discuss the relevant
details of our positron annihilation experiments and
the modeling of positron states and annihilation
performed in the present work. Section 4 uses modeling
to analyze trends seen in recent positron measurements
of ZnO, Iny03 and SnOs, and better identify the open-
volume defects detected in the measurements. Finally,
Sec. 5 summarizes this paper and its conclusions.
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2. Positrons in the study of transparent
semiconducting oxides

Although one cannot completely rule out positron
trapping to isolated oxygen vacancies in oxides in
general, their open volume available for the positron
is nevertheless rather small, in general too small
to possess a bound positron state.  Also, quite
often the oxygen vacancies can be expected to
be positively charged, in which case the trapping
rate can be expected to be much smaller that the
positron annihilation rate [11]. Therefore, the positron
annihilation technique is mostly sensitive to cation
vacancies and similarly sized neutral or negative open
volumes in oxides. However, as will be discussed below,
oxygen vacancies can be directly detected when they
are complexed with cation vacancies in comparable
concentrations.

Once trapped at cation vacancy like defects
the positron is mostly in contact with surrounding
oxygen ions and most likely to annihilate with
electrons on their outer atomic/ionic shells. As an
example, Fig. 1 shows how each shell is expected
to contribute to the Doppler broadening according
to computational modeling, in the case of cation
vacancies in Zn0O, InyO3, SnOs as well as in a more
extreme example of SrTiOs, in which the coordination
number reaches 12 for the Sr vacancy. The results
in this particular figure have been calculated within
the so-called atomic-superposition approximation [12,
13] (non-selfconsistent electron density and Coulomb
potential from superposition of neutral free atoms)
enabling the decomposition to be made also for valence
shells. Apart from the case of ZnO with only 4 small
O ions in front of larger Zn cations, in which the
annihilation with the high-momentum shell Zn 3d is
significant, the annihilation in the high-momentum
part of the spectrum (p > 1 a.u.) is primarily
with electrons on the O 2p shells. Therefore the
shape of the spectrum typically correlates with the
(average) number of O ions surrounding the positrons’
annihilation sites. As will be discussed below, this
makes the positron a very sensitive probe of the oxygen
environment of vacancy defects and vacancy clusters
in oxides, and changes in number of oxygen ions
around the trapping site for instance due to vacancy
clustering resulting from growth conditions, annealing
or irradiation, will affect the measurable annihilation
parameters, both the positron lifetime and especially
the Doppler broadening. In this paper we will focus
on the latter technique, which is easier to apply in the
study of thin films and more sensitive to the chemical
surroundings of the positrons’ trapping sites.

The shape of the annihilation line is typically
characterized by two line shape parameters. The S
parameter is proportional to the relative number of
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Figure 1. Decompositions of computational Doppler spectra
corresponding to annihilation of localized positrons in cation
vacancies in (a) ZnO, (b) InpOgz, and (c) SnO2, (d) Vg, in
SrTiOg3, and (e) Vo in SrTiOs. The black thick line is the
total spectrum, the thin green lines are the contributions of
different atomic shells of oxygen, and thin black and red lines
the contributions of different cation shells (A and B cations,
respectively). The contributions of the shells important at
high momenta, the region in which the approach used in the
analysis of this figure is accurate, are labeled. CN denotes the
coordination number of the cation vacancy sites.

counts in the low momentum region of the spectrum,
whereas the W parameter describes correspondingly
the intensity of the high-momentum region. Here we
specify the S window as |p| < 0.4 a.u., and the W
window as 1.6 a.u.< |p| <2.4 a.u. When comparing
experiment with theory it is more appropriate to use
relative parameters obtained by normalizing with the
parameters of the lattice, Syl = S/Spuik and Wy =
W/ Whuik-

The effect of vacancy clustering, i.e. having one
or more oxygen vacancies (Vo) clustered around
cation vacancies, on the Doppler broadening of
annihilation radiation is demonstrated in Fig. 2
using computational data calculated with the method
described below in Sec. 3. Once trapped at a vacancy,
the positron is more in contact with low-momentum
valence electrons than in the delocalized bulk state.
Therefore, the ratio spectra of vacancy defects assume
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a value of > 1 at low momenta (S parameter
window) and < 1 at high momenta (W parameter
window). On average, the effect of Vg clustering is
to decrease the high-momentum intensity and increase
correspondingly the low-momentum one, since high-
momentum O shells are removed from the surroundings
of the trapping site (see Fig. 1). The specific results
and trends for each material are discussed below in
Sec. 4.

3. Experiments and modeling

Doppler broadening measurements were conducted
using a slow positron beam, see Refs. [15, 8, 9] for
details on the specific experiments discussed in this
article. With such a setup, the implantation energy of
positrons can be tuned in the range 0...35 keV. The
mean stopping depth varies from a few nanometers up
to a few micrometers. Hence low-energy positrons can
be used to study near-surface layers and thin films.

Our modeling is based on the two-component
density-functional theory for electron-positron systems
[16]. We model the atomic and electronic structures
of the bulk oxides and their defects using the
supercell approximation, the projector augmented-
wave method [17] as implemented in the VASP code [18,
19, 20], and the local-density approximation (LDA)
[21] for the electron-electron exchange and correlation
effects. We assume that the localized positron density
does not affect the average electron density and use
the zero-positron density limits of the electron-positron
correlation potential and enhancement factor within
the LDA [16]. For the wurtzite ZnO, bixbyite InsOg
and rutile SnOs, we use supercells of 96, 80, and
48...162 atoms, respectively. Positron-induced forces
on ions are taken into account in ionic relaxations
[10]. The momentum density of annihilating electron-
positron pairs is evaluated using the so-called state-
dependent scheme [13] and the projector augmented-
wave method [22, 10]. Prior to comparison with
experiment the Doppler spectrum is convoluted with a
Gaussian function corresponding to the experimental
resolution function. In this work, we extract the
computational (S, W) parameters by assuming a
typical detector energy resolution of 1.3 keV consistent
with the experimental data shown [8, 9].  The
corresponding to a momentum resolution of 5.1 a.u.
The resolution assumed for the full Doppler spectra in
Fig. 2, 0.9 keV or 3.5 a.u., corresponds to a typical
coincidence setup with 2 high-purity Ge detectors.
When combined with high-quality Doppler broadening
measurements, similar calculations have shown to be
extermely useful in detailed defect identification [5, 10,
23, 24, 6, 7, 25).
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Figure 2. Computational spectra for representative defects and
defect complexes in (a) ZnO, (b) InpO3, and (¢) SnOz. For
some, several different configurations are shown. The spectra are
divided by the spectrum of the corresponding defect-free lattice.
The boundaries of the S and W momentum windows are shown.
The inset in (a) shows a comparison with the experimental result
for Vzn in ZnO from Ref. [14].
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Figure 3. (S,W) plot with characteristic data from a variety
of ZnO samples (reprinted from Ref. [26]). The S and W
parameters are shown as normalized to those of the ZnO lattice.
Reprinted with permission. Copyright Cambridge University
Press.

4. Results and discussion

4.1. ZnO

Figure 3 shows a summary of characteristic S/W values
obtained from previous positron annihilation studies of
ZnO (for a review, see Ref. [26]). The zinc vacancy
point, Vz,, measured from electron-irradiated ZnO
as well as bulk reference point are from Ref. [27].
Measurement points falling on the Vy,—lattice line
can typically be thought to represent non-saturation
trapping to Vz,. A fraction of the positrons annihilates
trapped at Vz, and the rest in the delocalized bulk
state. Points elsewhere represent defects with other
identities. Li on Zn site has been shown to be a shallow
positron trap with annihilation parameters close to
bulk values [7]. Studies of implantation, irradiation
and annealing have reported higher S and lower W
values lower than those of Vz, [14, 28, 29, 30, 31, 32,
33, 34, 35, 36, 37, 38, 39]. This suggests the existence
of larger vacancy clusters. These points fall on
two lines distinct from the Vz,—lattice one suggesting
the presence of two different kinds of clusters in
different experiments. Combination of implantation
and annealing results in higher W parameters than
heavy irradiation or N implantation alone. Below
we will use first-principles modeling of positron states
and annihilation in vacancy defects to discuss the
microscopic differences between the vacancy defects.
Figure 4 shows a theoretical point of comparison
with the characteristic experimental S and W points
shown in Fig. 3. We start by decorating the Vg,
vacancy with 1...3 Vo. The general trend in the
data is that the (S,W) points move horizontally
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Figure 4. (S, W) plot with computational predictions for ZnO.
Several different configurations for the vacancy complexes are
considered. The S and W parameters are shown as normalized
to those of the ZnO lattice. The 4Vy,—13V point lies outside
the limits at (S, W) = (1.40,0.52).

towards the right (increase in §) with the increasing
number of V and decreasing number of O around the
annihilation site. However, the divacancy points (Vz,—
Vo) still lie very close to the monovacancy one (Vzy)
and these two defects are practically indistinguishable.
Likewise, a 2Vz,—-Vo trivacancy corresponds to the
same point as Vz,. This is because the Vz,’s are
well separated and the environment sensed by the
positrons is in both ends very similar to that in
an isolated Vz,. The Vz,-—nVo points with n =
2...3 are compatible with the data measured from
annealed samples. In Doppler broadening these small
vacancy complexes can be clearly distinguished from
Vzn. This would be more challenging with lifetime
measurements since the spread of the lifetimes is in
this case only 10-15 ps. Similarly to InN [6], in the
case of vacancy complexes of ZnO the most important
chemical information contained in the full coincindence
Doppler spectrum [Fig. 2(a)] is actually in between the
S and W momentum windows at around p = 1 a.u.,
where the O 2p shell dominates the spectrum [see
Fig. 2(a)].

On the other hand, vacancy clusters with a larger
radius (4 or more missing Zn) are needed to explain
the results of implantation and irradiation studies.
Figure 4 shows some representative cases [4Vz, and
4Vzn—Vo (two different kinds of tetrahedra bounded
by Zn), 4Vz,—5Vo (irregular shape), and 4Vz,—13Vp)]
whose W parameters now lie below that of V,. Based
on these predictions we expect the increase in the S
parameter to be correlated with the increase in the
number of oxygen vacancies in the observed clusters,
whereas the data with lower W values can only be
explained by having 4 or more missing Zn atoms.
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Korhonen et al. [8] have studied compensating vacancy
defects in Sn and Mg doped InyOs using positron
annihilation. Their samples were subjected to Os
or vacuum annealing and their effect on vacancy-
type defects was studied. After the Oy annealing,
the Sn-doped samples form a line (Fig. 5, Sqefect >
1.02 x Sbulka Wdefect < 0.9 x Wbulk) indicating a
single vacancy type. The Sn concentration is not
the primary factor in determining the vacancy defect
concentration. After vacuum annealing the values are
shifted significantly, the new span being Sgefoct >
1.05 X Spux and Waeteet < 0.97 X Whuk.  Since
vacuum annealing is expected to remove oxygen from
the samples, the obvious interpretation is that more
Vo is attached to the indium vacancies. Figure 6 shows
the results of our simulations. The bixbyite structure
of In,O3 has two inequivalent In sites with differing
arrangements of O around (see, for example, Ref. [40]).
Each V1, has two vacancy-like “missing O” sites around
and dependending on whether they are on the opposide
sides of the vacancy or on the same side, the positron
annihilation parameters of the two V4, are different (see
again also Fig. 2(b)). Similarly, in case of Vi,—nVo
complexes the specific geometry and dimensionality of
the open volume (linear/planar/tetrahedral) strongly
affects the resulting positron annihilation parameters.
However, again the Doppler broadening is more
sensitive to vacancy complexing than positron lifetime.
For instance, the positron lifetimes at the Vi,-nVo
complexes is estimated to be within a couple of
picoseconds. The change in the (S,W) values due
to the vacuum annealing is consistent with vacancy
clusters having two or more V attached to Vi,.
In conclusion, we identify the open-volume defects
detected in Oy annealed InyOs in Ref. [8] as Vi
and smaller vacancy complexes, whereas in vacuum
annealed samples one observes vacancy complexes with
at least two oxygen vacancies complexed with an
indium vacancy, Vi,-nVo, with n > 2.

Korhonen et al. [15, 9] have studied Sb-doped thin-
film SnOs using positron annihilation. While all
their (S,W) measurement points fall on the bulk —
Vs line or possibly on its extension beyond the Vg,
point, see Fig. 7, the samples can be divided into two
different groups based on how their S parameters and
conduction electron concentrations n. are related [9].
These correspond to the two different regimes of Sb
concentration depicted in Fig. 7, [Sb] > 101 ¢cm™3
and [Sb] < 10 cm™3. This and the rather large S
values observed suggest at least two different kinds
of vacancies or vacancy complexes to be behind the
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The S and W parameters are shown as normalized to those of
the In2 O3 lattice.

measured data. With low [Sb]/n. (~ 10'® cm™3) the
S parameter is above 1.05 X Spyuk. This is a typical
value for vacancy complexes involving at least two
missing atoms. With larger Sb / conduction electron
concentrations of >~ 10! cm™3 the S parameter
saturates to slighty below S = 1.045 X Spux with
increasing n..

We have modeled vacancies and vacancy clusters
of one missing Sn in SnO; up to the size of a
pentavacancy, Vs,—4Vo, see Fig. 8. Unlike in the
case of ZnO above and In,Og3, all the points fall on
the average on the extension of the bulk — Vg, line.
This supports the analysis of Korhonen et al. [9].
Namely, at moderate doping levels (10'%-10'? ¢cm~—3)
one can identify the observed defects as complexes
formed of a single Vs, and several V5. A reduction
in the Sn vacancy concentration is found when the Sb
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Figure 8. Computational (S, W) plot for SnO32. The S and W
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concentration is increased above 10*° cm=3. Sb is a
well-known reactive surfactanct in semiconductor thin
film growth, also in case of SnOy [41]. The presence
of Sb may significantly affect the surface mobility
and cause the observed reduction in the vacancy
concentration. Only once the Sb concentration clearly
exceeds 10'° em™3, is the expected thermodynamics-
driven trend seen in the Sn vacancy concentration —
namely the increase of the Fermi level with increasing
Sb content increases the concentration of acceptor-type
Sn vacancies.

5. Summary and conclusions

In this work we have discussed the identification
of vacancies and vacancy clusters in transparent
semiconducting oxides using positron annihilation
spectroscopy and supporting first-principles modeling

and ZnO, In,O3 and SnO, as examples. We find the
Doppler broadening of the 511 keV annihilation line
to be extremely sensitive to the oxygen environment
of the annihilation sites at open-volume defects.
Addition/removal of oxygen around the annihilation
sites results in observable changes of line shape
parameters. Oxygen vacancies both in these systems
as well as other oxides can be detected directly when
they are complexed with cation vacancies large enough
to be able to trap positrons. Although for many of
these materials it is difficult to produce high-quality
reference samples, already observing relative changes
and trends in comparisons of different samples, can
help to provide a defect identification, as long as
their microscopic origins can be understood through
modeling.
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