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A B S T R A C T

Three Positron Annihilation Spectroscopy (PAS) techniques have been employed to investigate the point defects
of Al-doped Zinc Oxide (AZO) thin films grown by Radio Frequency (RF) magnetron sputtering with different
substrates and deposition parameters. The films were grown with thickness varying from 100 to 300 nm, and
their crystalline quality ranged from single crystalline epitaxial to partially amorphous. We found that the
main defect in the crystalline samples is the 3𝑉𝑍𝑛 − 𝑉𝑂 four vacancy complex, with a concentration around
1018 − 1019 cm−3. In polycrystalline films larger vacancy clusters, within 10% − 20% of the total concentration,
were detected. These vacancy clusters are inferred to be most likely located at the grain boundaries. In partially
amorphous films the concentration of these larger vacancy clusters, located either at grain boundaries or in the
amorphous regions of the film, approached even the 40%, and also some sub-nano voids have been observed.
1. Introduction

A special class of materials is represented by the so-called Trans-
parent Conductive Oxides (TCOs), which are semiconductors offering
an unique combination between high optical transparency and good
electrical conductivity [1–5]. These properties are due to their wide
band gap (> 3 eV) and to a high degree of doping, which guarantees
carrier densities of the order of 1020−1021 cm−3, retaining more than
80% of transmission in the visible range.

Among these materials there is Al-doped ZnO (AZO), which is very
promising because it consists of elements with far greater natural abun-
dance than Indium Tin Oxide (ITO), which is the most employed TCO
so far. AZO can be easily deposited by Radio Frequency (RF) magnetron
sputtering and its properties, together with crystalline quality, can
be tuned by varying substrate, dopant concentration and deposition
parameters [6,7].

ZnO [8–10] and AZO [11–13] display a variety of native defects,
which have a strong effect on their properties, leading to broad techno-
logical applications. Zn vacancies (𝑉Zn) are shallow acceptors [13–15]
and they have been identified as the dominant compensating center in
n-type ZnO by Positron Annihilation Spectroscopy (PAS) [16,17]. They
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can destroy the metal-like conductivity of AZO at high concentrations.
The oxygen vacancy (𝑉O), despite being a potential donor, is a deep
center [15], and then it cannot modify the electrical properties but it
is optically active and absorbs light in the visible range, worsening the
transparency of AZO [13]. The 𝑉O is too small in size to be detected
by positrons, but it can be detected when coupled to the 𝑉Zn [18].
Other native defects, such as Zn intersitials, Zn antisites, O antisites
and O interstitials, have high formation energies [14,15] and they are
probably not present in large concentrations under normal conditions.
Understanding which defects are present in thin AZO films and how to
tailor and engineer them is then a fundamental research aspect to tune
and control its electrical and optical efficiency, affecting its successful
application.

PAS is a powerful tool to characterize open volume point defects,
like vacancies and vacancy complexes, as well as micropores and
mesopores, in bulk materials and thin films [19–22]. When positrons
are implanted into a solid, they mainly lose energy in few picoseconds
by ionization, electron–hole excitation and phonon scattering. After
thermalization, the positrons diffuse through the lattice until they are
trapped in regions of lower electron density, such as vacancies, vacancy
vailable online 10 May 2024
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clusters and pores, where they subsequently annihilate with electrons.
Due to their positive charge, positrons are favorably trapped in neutral
or negatively charged vacancy sites. A defect profile can be obtained
by employing an energy-tunable slow positron beam, in order to vary
the implantation depth of the positrons.

In micropores or mesopores or at the surface of materials, positrons
can form positronium (Ps), an exotic metastable atom formed by an
electron and a positron. A review of the different processes of Ps
formation can be found in [23]. Ps can be formed in two different
spin states: the singlet state is called parapositronium (p-Ps) and decays
predominantly into two 𝛾-rays with an average lifetime of 125 ps in
vacuum, while the triplet state, named orthopositronium (o-Ps), decays
predominantly into three 𝛾-rays with a mean lifetime of 142 ns in
vacuum. A feature of trapped o-Ps is that it can annihilate via pick-off,
a process in which the positron annihilates with another surround-
ing electron having opposite spin, reducing the 142 ns lifetime. In
micropores the reduction reaches few nanoseconds.

The electron–positron annihilation radiation is detected and two
main features are analyzed: the Doppler broadening of the 511 keV
annihilation peak, in the so-called Doppler Broadening Spectroscopy
(DBS), which is due mostly to the electrons momentum since positrons
are thermalized, and the average positron lifetime, in the so-called
Positron Annihilation Lifetime Spectroscopy (PALS). Positron lifetimes
and momentum distributions differ significantly if the annihilation
takes place in a defect site with respect to the perfect, defect-free
lattice. In order to enhance the peak-to-background ratio and have
access to the high-momentum part of the 511 keV peak, which contains
annihilations with inner core electrons and carries information on
the chemical surroundings of the annihilation sites, the Coincidence
Doppler Broadening Spectroscopy (CDBS) technique is implemented. It
is performed by detecting the annihilation radiation with two detectors
and recording only simultaneous annihilation quanta. By CDBS, it is
possible to increase the peak-to-background ratio roughly by three
orders of magnitude, but also to improve the energy resolution by a
factor

√

2 in comparison to that of a single detector [24–27]. The data
are usually shown as ratio to a reference curve, in order to better
underline the differences in the high-momentum part and/or to better
identify the presence of a certain element close to the annihilation
sites [25–29].

Studies of the changes in the mentioned parameters provide infor-
mation on the size and quality of the positron traps, mainly through
PALS; on the general amount of open volume, the diffusion length of
positrons and the defect concentration, through DBS; and on the char-
acteristics and chemical environment of the annihilation site, through
CDBS. Comparison with theoretical calculations for positron lifetimes
and Doppler spectra, performed via two-component Density Functional
Theory (DFT), is fundamental to find the correspondence between the
positron annihilation site and the type of defect.

ZnO bulk samples [16,17,30–34] and thin films [35–39] have been
extensively studied with PAS, revealing the vacancy and vacancies
complexes dynamics, but there are far less works about AZO [40,41]
and basically there is not, to our knowledge, any detailed defect in-
vestigation about AZO thin films when thickness and crystalline order
are varied, especially combining both the experimental and theoretical
point of view.

In this work we studied AZO films grown by RF magnetron sput-
tering with different thicknesses and with different crystalline order,
ranging from single crystalline epitaxial to polycrystalline and ap-
proaching the amorphous state, providing a full description of the
interplay between crystalline order and defects in AZO.

2. Experimental

AZO films were deposited by RF magnetron sputtering from an
undoped ZnO 3′′ target (ZnO purity 99.99%) about 15 cm far from
the substrate in 3 ⋅ 10−6 mbar base pressure. The Argon pressure in the
2

sputtering chamber was fixed at 5 mTorr and the deposition tempera-
ture was controlled by resistive heating and measured with a calibrated
thermocouple on the sample stage. Film thickness varies between 100
and 300 nm and it has been controlled during deposition by a calibrated
quartz microbalance and subsequently by means of a stylus profilome-
ter. The Al doping was provided by DC magnetron co-sputtering from
an Al target, to obtain the optimal doping concentration of ∼ 4 at.%
[42]. The Al concentration was checked by Energy Dispersive X-ray
Spectroscopy (EDX), performed at film surface with a FEI Quanta-200
ESEM.

Three sets of samples have been prepared. The first set has been de-
posited on SrTiO3(110) substrates (STO) annealed in vacuum for three
hours at the deposition temperature of 400 ◦C for degassing before
growth. The deposition of AZO on this crystalline plane is driven by
the good matching of the [1̄10] direction of STO (

√

2𝑎STO = 5.5225 Å)
with the [11̄00] direction of ZnO (

√

3𝑎ZnO = 5.6288 Å), resulting in
a lattice mismatch of 1.9% [7]. The second set has been grown with
the same deposition conditions on thermal SiO2 on Si(001) substrates,
obtaining polycrystalline films. The third set of samples, instead, has
been prepared on UV fused quartz with thickness fixed at 100 nm
and increasing Ar pressure up to 100 mTorr. Such a high pressure,
combined with the ambient deposition temperature, was chosen in
order to diminish the crystalline quality of the AZO films [43]. All
the samples, except for the AZO/Quartz ones, have been capped with
a 20 nm thick MgO layer, in order to prevent the samples from air
degradation [44,45]. AZO/Quartz samples were not capped due to the
need of additional surface characterization to control the film quality.
The samples features are summarized in Table 1.

In order to check the crystalline quality of the samples, we resorted
to X-ray Diffraction (XRD) measurements, performing 2𝜃 − 𝜔 and 𝜙
cans of the AZO films with a PanAnalytical X’Pert Pro four-circle
iffractometer (Cu-K𝛼1 wavelength, 1.5406 Å), equipped with a Göbel
irror in the incidence optics in order to obtain a parallel X-ray beam.
he detection optics consisted of a 0.27◦ parallel plates collimator,
flat graphite monochromator and a single point gas proportional

etector.
Transmission Electron Microscopy (TEM) measurements have been

cquired on a Thermo Fisher Scientific Talos F200S G2 microscope at
n incident energy of 200 kV on equivalent 100 nm thick AZO films
rown at room temperature at 5 and 100 mTorr of Ar pressure on
arbon TEM grids and on SiO2/Si substrates. Thin cross-section lamellas
f samples grown on SiO2/Si with an area of a few microns have been
btained via Focused Ion Beam (FIB) milling after the deposition of a
hin layer of metallorganic Pt at the surface to avoid damage and Ga
mplantation during milling. We collected diffraction patterns in TEM
ode (parallel beam) on samples grown on TEM grids and Scanning
EM (STEM) images in High-Angle Annular Dark-Field (HAADF) mode
n the FIB cross sections.

Variable-Energy PALS (VEPALS) measurements in the implantation
nergy 𝐸 range 0.5−11 keV were conducted at the Mono-energetic
ositron Source (MePS) beamline, which is an end station of the
adiation source ELBE (Electron Linac for beams with high Brilliance
nd low Emittance) at Helmholtz-Zentrum Dresden-Rossendorf (HZDR)
Germany) [46]. The positron beam of MePS displays a pulse length of

250 ps (FWHM) with high repetition rate (∼ 1.625–13 MHz) and
igh intensity (positron flux ∼ 106/s). Monoenergetic positrons are
mplanted in materials with a profile that can be nicely approximated
y the derivative of a Gaussian, the so-called Makhovian profile [47].
he implantation energy 𝐸 is related to the mean positron implantation
epth �̄� by the empirical equation

̄ = 40
𝜌
𝐸1.6 (1)

where �̄� is expressed in nm, the density of the samples 𝜌 is given
in g/cm3 and 𝐸 in keV [19]. Measuring the annihilation radiation
at different implantation energies allows to characterize the defect
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Table 1
Summary of the main information about the samples: substrate, thickness, growing Ar pressure and temperature, capping.

Sample number Substrate Thickness [nm] Ar Pressure [mTorr] Growing temperature [◦C] Capping

1 STO 300 5 400 20 nm MgO
2 STO 100 5 400 20 nm MgO
3 SiO2/Si 300 5 400 20 nm MgO
4 SiO2/Si 100 5 400 20 nm MgO
5 Quartz 100 50 Ambient Absent
6 Quartz 100 75 Ambient Absent
7 Quartz 100 100 Ambient Absent
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distribution at different depths. In the discussion and analysis of the
depth profiling measurements one has to consider that positrons, due to
their diffusion length and the implantation profile, at each implantation
energy could probe from the surface to the bulk. The positron will live
longer if localized into a vacancy-like defect, thanks to the depletion of
the electron density. From the positron lifetime, then, size and defect
type can be extracted and even secondary defects may be resolved into
the spectrum. A PALS spectrum can be fitted as the convolution of a
resolution function 𝑅(𝑡), often modeled with a set of Gaussians, with a
sum of exponential functions expressed as

𝐹 (𝑡) = 𝑅(𝑡)⊛
∑

𝑖

𝐼𝑖
𝜏𝑖
𝑒−

𝑡
𝜏𝑖 + 𝐵𝐾𝐺 (2)

here 𝜏𝑖 and 𝐼𝑖 are the lifetimes and their associated intensities and
𝐾𝐺 is the background. The intensities must sum to one. From the

ntensities of the lifetimes components the defect concentrations can
e extracted, given that not all the positrons annihilate in defects
saturation) [48].

The annihilation 𝛾-rays are recorded by using a lifetime CeBr3
cintillator detector with a homemade software employing a Teledyne
PDevices ADQ14DC-2X digitizer for fast analog-to-digital conversion
ith 14-bit vertical resolution, 2GS/s (GigaSamples per second) hori-

ontal resolution and pulse detection performed on an integrated FPGA.
he timing reference is derived from the precision master oscillator
f the superconducting LINAC and it is phase-matched to the electron
unches of the beam with a temporal jitter of 14 ps (FWHM). The
ignal-to-noise ratio is above 104 with a lifetime resolution of around
30 ± 10 ps (FWHM) [46,49]. The resolution function required for
pectrum analysis uses two Gaussian functions with distinct intensities
epending on the positron implantation energy 𝐸 and appropriate rel-
tive shifts. All spectra contained at least 107 counts. The spectra were
econvoluted into discrete lifetime components using the non-linearly
east-squared-based package PALSfit fitting software [50]. The lifetime
pectra fits have been considered good with a reduced chi-squared of
ess than 1.1.

DBS measurements were carried out using a continuous mono-
nergetic positron beam having a maximum positron implantation
nergy 𝐸 of 35 keV [51]. The annihilation 𝛾-ray energy spectrum is
ollected by a High-Purity Ge (HPGe) detector system with an energy
esolution of 1.09 keV (FWHM) at the 511 keV 𝛾-line. The Doppler
roadening of the 𝛾-ray spectrum is monitored by the 𝑆 parameter
nd 𝑊 parameter defined respectively as the counts of the central
indow (511.00 ± 0.93 keV) and the wing windows (508.33 ± 0.49
eV and 513.67 ± 0.49 keV) to the counts of the total annihilation
eak. Depending on the annihilation site, the positrons ‘‘see’’ electrons
ith different momenta: a positron trapped into a vacancy or a vacancy

omplex will annihilate more probably with valence electrons, since
ores are farther away, determining an increase of the 𝑆 parameter
ith respect to the defect-free lattice. Changes in the defectivity will be
ence reflected in the 𝑆 and 𝑊 parameters, which can be normalized
o a reference sample to gain information about the main defect and
o compare data from different apparatuses [52]. To find the charac-
eristic 𝑆 and 𝑊 parameters of the films, the 𝑆(𝐸) and 𝑊 (𝐸) were
itted with the standard model based on the solution of the positron
tationary diffusion-annihilation equation [53,54], by employing the
3

oftware VEPFIT [55]. At each positron implantation energy, the 𝑆 a
arameter (and so 𝑊 ) can be expressed as a linear combination of the
haracteristic 𝑆 values of the positron annihilation in the surface, the
ulk, and the different defect-states, respectively

(𝐸) = 𝑓𝑠(𝐸)𝑆𝑠 + 𝑓𝑏(𝐸)𝑆𝑏 +
∑

𝑖
𝑓𝑑𝑖(𝐸)𝑆𝑑𝑖 (3)

here 𝑓𝑠(𝐸), 𝑓𝑏(𝐸) and 𝑓𝑑𝑖(𝐸) are the fractions of positrons annihi-
ating at the surface (or in the MgO capping layer), in the bulk and
n defect-states, respectively. From the positron diffusion length the
otal defect concentration can be evaluated via the standard trapping
odel [53,54], even in case of saturation trapping [48]. Together with

he AZO films, we also measured an hydrothermally (HT) grown ZnO
ulk single crystal (SurfaceNet GmbH) as a reference to normalize the
oppler data, which is a standard procedure to compare data obtained

n different laboratories [52]. These measurements are shown in Fig. 1
f the Supporting Information (SI).

DFT calculations of the positron lifetimes and Doppler curves have
een performed with the ATSUP code [56–60], which evaluates the
ositron wave function for a superposition of atoms for a given atomic
tructure, in the Boronski–Nieminen (BN) scheme, which is usually in

better agreement with experiment than lifetimes calculated using
he Gradient-Correction (GC) approach [56–59]. In many systems, the
eneration of defects causes an inward or outward relaxation of the
eighboring atoms. We could not calculate the relaxed structure, which
as to be given to the code before. Hence, these results have to be
aken as an approximation, but this is the approach of the majority
f calculations about positron lifetimes in ZnO in literature [34,61–
3], because of the difficulty in modeling lattice relaxations on defects,
specially at a high degree of disorder.

. Results and discussion

.1. Crystalline structure

ZnO films are well known to grow preferentially 𝑐-axis oriented [42,
4], showing only the ZnO(0002) peak (at 34.42◦ [65]) in the X-ray
iffraction spectrum, and our films make no exception, as shown in
ig. 1a for the AZO/Quartz film grown at 5 mTorr. However, while
he in-plane grain orientation is expected to be totally random in
ZO/SiO2/Si films, which are indeed polycrystalline, we demonstrated

hat AZO/STO films are epitaxial [7], as it can be understood from the
scan of the ZnO(0002) peak presented in Fig. 1b, where it can be

een the six-fold symmetry of the ZnO(0001) plane.
From XRD measurements we previously estimated [7] the vertical

along the normal to the substrate surface) and lateral (parallel to it)
oherence Length (CL) of epitaxial AZO/STO films and polycrystalline
ZO/SiO2/Si films. The CL is defined as the average extension of the
rystal lattice which scatter coherently, thus devoid of macroscopical
efects like grain boundaries, and it is a measure of the grain size. ZnO
isplays a columnar growth and then the vertical and lateral CLs can
iffer significantly. The data are in Table 2: epitaxial and thicker films
ave bigger CLs, meaning their crystalline quality is better.

When the films are deposited on quartz at high Ar pressure, a drastic
ecrease of the ZnO(0002) peak can be observed (Fig. 1a) when the Ar
ressure in the sputtering chamber was increased, together with the

ppearance of other two very low intensity peaks, which are attributed
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Fig. 1. XRD measurements: (a) 2𝜃 − 𝜔 scans of the AZO/Quartz films deposited at 5
and 100 mTorr and (b) 𝜙 scans of the ZnO(0002) peak of the AZO/STO films.

Table 2
Vertical and lateral coherence length of AZO/STO and AZO/SiO2/Si films from Magrin
Maffei et al. [7].

Sample Vertical CL [nm] Lateral CL [nm]

AZO/STO 300 nm 140 ± 15 42 ± 2
AZO/STO 100 nm 98 ± 11 48 ± 2
AZO/SiO2/Si 300 nm 75 ± 4 20 ± 1
AZO/SiO2/Si 100 nm 36 ± 2 10 ± 1

to the ZnO(101̄0) and ZnO(101̄1) reflection at 31.77◦ and 36.25◦,
respectively. The area under the three peaks of the sample grown at
100 mTorr is lower by a factor of about 10 than the area under the
single ZnO(0002) peak of the sample grown at 5 mTorr, so the overall
crystalline quality is decreased, with smaller grains, as well as more
orientations with respect to the substrate plane are introduced.

To determine the degree of disorder, TEM characterization has been
performed to compare 100 nm thick samples grown at 5 and 100
mTorr. To quantitatively compare their crystalline quality, two electron
diffraction patterns from the AZO films grown on TEM grids in plan-
view have been acquired at the very same conditions of condenser
illumination and objective focus. The profiles have been plotted after
azimuthal integration in Fig. 2. To avoid effects of preferential ori-
entation (evident in the polycrystalline sample), the whole diffraction
profile intensities have been integrated after background subtraction to
account for the tail of the central transmitted spot (best fit). As a result,
the sample grown at 100 mTorr loses the 33% of the diffracted intensity
with respect to the one grown at 5 mTorr, which is due to an increased
amorphous part in the film.

STEM images of the thin FIB cross-sectional milled samples have
been taken in HAADF mode (inner cutoff angle > 50 mrad) as shown in
Fig. 3, where the AZO films are comprised between the black substrate
(SiO2) at the bottom and the Pt protective layer at the top. The film
grown at 5 mTorr is very homogeneous and does not show any feature.
The film grown at 100 mTorr, instead, is characterized by many black
spots, which in HAADF indicate the presence of areas where electrons
4

Fig. 2. Azimuthal average of the TEM diffraction patterns of AZO films deposited at
5 and 100 mTorr.

are less scattered in the sample. These black spots, then, are probably
voids or pores in the film.

3.2. Positron Annihilation Lifetime Spectroscopy

Variable positron implantation energy allowed us to probe the sam-
ples from the very surface to the entire thickness of the films and also to
the substrate. The positron lifetime spectra were fitted using the PALSfit
program with three or four lifetime components. SiO2/Si and quartz
substrate display a long lifetime component of around 1.4−1.5 ns, which
drastically increase the average positron lifetime. The same happens
at the surface due to annihilation of positrons in surface traps and/or
formation of positronium. Hence, implantation energies associated to
the AZO films are easily recognizable in the depth profiling from the
region where the average positron lifetime is at minimum. In AZO/STO
films the substrate shows instead a lower positron average lifetime due
to the STO single crystal, but since the films have the same thicknesses
of AZO/SiO2/Si films, the implantation energies associated to the films
are the same. Following this procedure, we can individuate the lifetimes
associated to the films looking at measurements approximately in the
range 2−7.5 keV for 300 nm thick films and 2−4.5 keV for the 100 nm
thick films.

The VEPALS depth profiles of AZO/STO films are shown in Fig. 4.
The MgO capping layer shows a characteristic lifetime of 370 ps, which
has been fixed in all the analysis. In the AZO films, a single lifetime 𝜏1
of 250−265 ps with more than 95% intensity is observed. Notice that the
lifetime of defect-free bulk ZnO of 150−160 ps [30,32,33,66,67] is not
observed. This means we are in saturation trapping regime: the almost
totality of the positrons get trapped and annihilate in defects.

The VEPALS depth profiles of AZO/SiO2/Si films are shown in
Fig. 5. In the films, most of the positrons are still getting trapped
into a defect with lifetime 𝜏1 in the range 250−265 ps, but with an
intensity slightly lower, around the 80−90%. A second lifetime 𝜏2 arises
in the films, going from ∼ 370−400 ps in the 300 nm thick film to ∼
400−420 ps in the 100 nm thick film, revealing an increase in the size
of vacancy complexes. The increasing fraction of positrons annihilating
into larger and larger vacancy complexes is consistent with the decrease
of crystalline quality and grain size in polycrystalline films with respect
to epitaxial ones and when the AZO films thickness is decreased, as
reported in Table 2. The component 𝜏3, shown only in intensity in
Fig. 5, is a characteristic lifetime of the SiO2 substrate, due to o-Ps
formation and pick-off annihilation in its voids.

This trend is even more pronounced when examinating AZO/Quartz
films grown at increasing Ar pressure, whose VEPALS depth profiles
are shown in Fig. 6. Here there is no capping, but only the surface
dynamics of AZO films at low implantation energy. In the film grown
at 50 mTorr, the behavior is similar to the 100 nm thick AZO/SiO2/Si
film of Fig. 5b,d, with the most intense component 𝜏 still in the
1
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Fig. 3. (a) STEM HAADF cross sectional image of the AZO film grown at 5 mTorr and
(b) STEM HAADF cross sectional image of the AZO film grown at 100 mTorr.

range 250−265 ps with an intensity around the 80% and a second
component of around 400−500 ps. The film grown at 75 mTorr, shown
in Fig. 2 of the SI, has a similar behavior. Instead, in the film grown
at 100 mTorr, the intensity of the second component 𝜏2 increases
approaching almost 40%, while the first component becomes slightly
shorter, around 230−240 ps. This means that positrons are also trapped
into larger vacancy complexes. These complexes can be located both in
the amorphous part and at boundaries of the grains that are becoming
smaller and smaller with the increase of the Ar deposition pressure.
This is in good agreement with the structural characterization reported
in Section 3.1 and the decrease in the diffusion length of positrons
(see Section 3.4). In particular, the decrease in the positron diffusion
length indicates that the grain sizes decrease and they are efficiently
trapped by defects at grain boundaries. Nevertheless, the majority of
positrons still annihilate at small complexes, slightly smaller, which
could be located either in the bulk of a grain or at the grain boundaries.
In addition, a longer component 𝜏 of around 1.5%−2% of intensity is
5

3

present in films deposited at more than 50 mTorr and an even longer
component 𝜏4 of more than 7 ns of about 1% of intensity is present
in films deposited at 75 and 100 mTorr. These components were not
shown in Fig. 6 due to their low intensities, but they substantially
enhance by a lot the weighted average positron lifetime 𝜏𝑎𝑣, shown
in Fig. 7a. These long lifetimes are arguably associated to o-Ps pick-
off annihilations in sub-nano voids, compatible to the previous TEM
investigation. Therefore, the total average positron lifetime 𝜏𝑎𝑣, which
is a measure of the total open volume defectivity of the samples, shows
a dramatic increase for film deposited at high Ar pressure, whilst it is
more or less constant to values close to 𝜏1 for the other films. Fig. 7b
shows the average intensities of the first two components of the lifetime
spectra in the films, where it can be seen that the second component
is absent in AZO/STO films, appears in AZO/SiO2 films and increases
further in AZO/Quartz films with increasing Ar pressure.

3.3. ATSUP calculations

ATSUP calculations have been exploited to determine how the
lifetime changes with vacancy size. Spherical vacancy clusters around
a reference atom were generated by sequentially removing the next-
nearest atoms, up to a total of 12 missing atoms. The results of our
calculations are shown in Fig. 8, together with calculations from Chen
et al. [62], for comparison. The calculated bulk lifetime of around 154
ps is in good agreement with the literature [30,32,33,66,67] and also
our results for lifetimes in defects are in good agreement with the
literature [30,34,61–63]. Chen et al. in their calculation with ATSUP
find longer lifetimes for large vacancy cluster defects, maybe because
the Semiconductor Model (SM) [68] instead of the BN scheme has been
used there for the short-range enhancement of the electron density.

Results for small vacancy clusters, up to four vacancies, are shown
in Table 3, together with references from the literature. As it can be
seen, the majority of the previous calculations employed the ATSUP
method in BN scheme, without lattice relaxation, as in the present
work. Nevertheless, here the full defect landscape is calculated and
a very large supercell of 864 atoms is employed, while for instance
Chen et al. use a supercell of only 128 atoms. Only Brauer et al. and
Procházka et al. included relaxation but only for simple vacancies and
the 𝑉Zn−𝑉O divacancy, where the authors associated a defect with a life-
time of 260 ps to the 𝑉Zn−𝑉O divacancy [30]. From comparison with the
calculated lifetimes, reported in Table 3, we can attribute the shorter
component 𝜏1 of ∼ 250−265 ps, observed in all the samples except for
the AZO/Quartz film grown at 100 mTorr, to a small vacancy complex,
most probably a four vacancy cluster which could be either a 𝑉Zn−3𝑉O,
a 3𝑉Zn − 𝑉O or a 2(𝑉Zn − 𝑉O). It will be shown later, in Section 3.5,
that thanks to CDBS measurements a more precise assignment to this
small vacancy complex can be given. In the AZO/Quartz film grown
at 100 mTorr, 𝜏1 is around 230−240 ps and comparison with theory
seems to indicate smaller defects like the 𝑉Zn − 2𝑉O or 2𝑉Zn − 𝑉O. The
calculated lifetimes of the 3𝑉Zn − 𝑉O and 𝑉Zn − 2𝑉O vacancy complexes
are shown as a dashed lines in Figs. 4–6 as references. Similar small
vacancy complexes, like the 𝑉Zn − 𝑛𝑉O with 𝑛 = 1−3, have already
been observed in ZnO thin films grown by Pulsed Laser Deposition
(PLD) [38] and RF magnetron sputtering [41,69]. This 𝜏1 could be
associated to the 𝑉Zn − 𝑉O divacancy like Brauer did, but, as it will be
explained later, CDBS measurements point towards a leading defect of
at least four vacancies.

The second lifetime 𝜏2, observed in AZO/SiO2/Si and AZO/Quartz
films, is always above 370 ps and our calculations never reach such a
long lifetime, while the ones from Chen et al. approach a lifetime of
about 375 ps for complexes of 12 vacancies. Hence these defects are
arguably greater than 12 vacancies [34,41,61,62]. This larger vacancy
complexes are most likely localized at grain boundaries [70], as it was
already revealed by PAS [71–73].
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Fig. 4. VEPALS depth profiles for the AZO/STO films. (a) Lifetimes in the 300 nm film, (b) lifetimes in the 100 nm film, (c) intensities in the 300 nm film and (d) intensities in
the 100 nm film. Dotted lines mark the calculated lifetimes associated to the 3𝑉Zn − 𝑉O and 𝑉Zn − 2𝑉O vacancy clusters. Regions assigned to the layers are marked. The error bars
are within the dots size if not visible.

Fig. 5. VEPALS depth profiles for the AZO/SiO2/Si films. (a) Lifetimes in the 300 nm film, (b) lifetimes in the 100 nm film, (c) intensities in the 300 nm film and (d) intensities
in the 100 nm film. Dotted lines mark the calculated lifetimes associated to the 3𝑉Zn − 𝑉O and 𝑉Zn − 2𝑉O vacancy clusters. Regions assigned to the layers are marked. The error
bars are within the dots size if not visible.
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Fig. 6. VEPALS depth profiles for the AZO/Quartz films. (a) Lifetimes in the film deposited at 50 mTorr, (b) lifetimes in the film deposited at 100 mTorr, (c) intensities in the
film deposited at 50 mTorr and (d) intensities in the film deposited at 100 mTorr. Dotted lines mark the calculated lifetimes associated to the 3𝑉Zn − 𝑉O and 𝑉Zn − 2𝑉O vacancy
clusters. Regions assigned to the layers are marked. The error bars are within the dots size if not visible.
Fig. 7. (a) Average positron lifetime and (b) average intensities of the first two
components of the lifetime spectra in the AZO films deposited on different substrates.
7

Fig. 8. Calculated positron lifetimes (ATSUP code, BN scheme) for spherical vacancy
clusters with increasing size, starting from Zn or O as center atom, plus calculations
from Chen et al. [62].

3.4. Doppler Broadening Spectroscopy

DBS depth profiling has been performed in the range 0.5−35 keV for
all the samples. The 𝑆(𝐸) and 𝑊 (𝐸) curves were successfully fitted by
fixing the known densities (3.58 g/cm3 for MgO, 5.61 g/cm3 for ZnO,
5.11 g/cm3 for STO, 2.2 g/cm3 for SiO2 and 2.33 g/cm3 for Si) and
thicknesses of the layers (20 nm for the MgO capping and 650 nm for
the thermal SiO2).

The 𝑆(𝐸) and 𝑊 (𝐸) curves for the AZO/STO and AZO/SiO2/Si
films are shown in Fig. 9. The values have been normalized to the
ZnO bulk single crystal reference, shown in Fig. 1 of the SI. The first
part of the curves until 1.5−2 keV is identical for all the samples and
represents annihilations at the surface and in the MgO capping layer,
which is expected to be rather defective. Indeed, it was nicely fitted
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Table 3
Positron lifetimes for small vacancy clusters up to four vacancies evaluated with the
ATSUP code in this work and other calculation from literature.

Annihilation state Lifetime [ps] Method

Bulk 154 (This work)
159 [30]
∼ 160 [62]
∼ 160 [34]
161 [63]

ATSUP-BN, no relaxation
ATSUP-BN, no relaxation
ATSUP-SM, no relaxation
ATSUP-BN, no relaxation
ATSUP-BN, no relaxation

𝑉O 158 (This work)
159 [30]
160 [30]
∼ 160 [34]
169 [63]

ATSUP-BN, no relaxation
ATSUP-BN, with relaxation
ATSUP-BN, no relaxation
ATSUP-BN, no relaxation
ATSUP-BN, no relaxation

𝑉Zn 188 (This work)
∼ 188 [62]
194 [30]
∼ 195 [34]
196 [63]
∼ 205 [34]
229 [30]

ATSUP-BN, no relaxation
ATSUP-SM, no relaxation
ATSUP-BN, no relaxation
ATSUP-BN, no relaxation
ATSUP-BN, no relaxation
ATSUP-BN, with relaxation
ATSUP-BN, with relaxation

𝑉Zn − 𝑉𝑂 211 (This work)
∼ 220 [34]
∼ 220 [62]
223 [63]
223–224 [30]
276–286 [30]

ATSUP-BN, no relaxation
ATSUP-BN, no relaxation
ATSUP-SM, no relaxation
ATSUP-BN, no relaxation
ATSUP-BN, no relaxation
ATSUP-BN, with relaxation

𝑉Zn − 2𝑉𝑂 231 (This work)
∼ 240 [34]

ATSUP-BN, no relaxation
ATSUP-BN, no relaxation

2𝑉Zn − 𝑉𝑂 237 (This work)
254 [63]

ATSUP-BN, no relaxation
ATSUP-BN, no relaxation

2(𝑉Zn − 𝑉𝑂) ∼ 265 [62] ATSUP-SM, no relaxation

𝑉Zn − 3𝑉𝑂 250 (This work)
∼ 265 [34]

ATSUP-BN, no relaxation
ATSUP-BN, no relaxation

3𝑉Zn − 𝑉𝑂 260 (This work) ATSUP-BN, no relaxation

with a positron diffusion length 𝐿+ of 4 nm, which is much smaller
than its thickness of 20 nm. From the DBS depth profiles we can
easily appreciate the different thicknesses of the AZO films, which are
comprised in the energy regions 2−4.5 for 100 nm thick films and 2−7.5
for 300 nm thick films. The STO substrate has a lower 𝑆 parameter
and an higher 𝑊 parameter than the films, which are recognizable as
plateaus in the curves. The STO shows also a positron diffusion length
around 50 nm and allows back-diffusion of positrons into the film. This
fact is reflected in a region of smooth change between the parameters
of the film and of the substrate. In any case, it can be seen, looking at
the film regions, that the 𝑆 and 𝑊 parameters of both the AZO/STO
films are similar.

If we look to the 𝑆(𝐸) and 𝑊 (𝐸) curves for the AZO/SiO2/Si
films, instead, we immediately see the different substrate, which has
completely different 𝑆 and 𝑊 parameters with respect to both the AZO
and the STO, while the surface dynamics is similar. This fact helps
identifying the energy regions of the films, which are far more manifest
as a minimum/maximum in the 𝑆(𝐸) and 𝑊 (𝐸) curves but they are
clearly similar to the ones of the AZO/STO films, since the thicknesses
are the same. Here there is a much abrupt change between film and
substrate, because the diffusion length of the SiO2 is very short, and it
is smaller even in the polycrystalline films with respect to the epitaxial
ones. Even in this case, it can be seen that the 𝑆 and 𝑊 parameters of
the films are quite similar, also with respect to AZO/STO films.

The picture changes in the DBS depth profiles of AZO/Quartz films,
shown in Fig. 10. Here the thickness is fixed to 100 nm and there is no
capping, and indeed the films are enclosed approximately in the region
1.5−3.5 keV. The 𝑆 parameter of the films drastically increases (and
the 𝑊 parameter decreases) when the Ar pressure is increased. This
means the defectivity of the samples is changing in accordance with
VEPALS measurements. Indeed, an increase of the 𝑆 parameter (and
8

Fig. 9. (a) 𝑆(𝐸) and (b) 𝑊 (𝐸) curves for the AZO/STO and AZO/SiO2/Si films and
fits with the diffusion-annihilation equation. Dotted lines (black for 100 nm thick films
and red for 300 nm thick films) represent the AZO/substrate interface. The error bars
are within the dots size if not visible.

decrease of the 𝑊 parameter) is associated with more annihilations
in defect sites and/or annihilations in larger vacancy complexes, since
positrons trapped into open volume defects will annihilate with less
core electrons and more valence ones.

The total picture is shown in Table 4, where the normalized 𝑆 and
𝑊 parameters and the fitted positron diffusion lengths 𝐿+ of the films,
which were used to estimate the defect concentration 𝐶𝑑 , are listed.
Since from PALS, we know that we are in saturation trapping, the 𝑆
and 𝑊 values reflect purely the major defects.

Nevertheless, even if we are in positron trapping saturation regime,
we can evaluate the overall defect concentration by comparing the
fitted positron diffusion length 𝐿+ with the calculated defect-free one
𝐿+,𝐵 , since it continues to decrease with increasing defect density even
in the case of positron trapping saturation, which is not the case with
other positron annihilation parameters [48]. The corresponding defect
concentration 𝐶𝑑 can be estimated via the following relationship [38]

𝐶𝑑 = 𝑁
𝜇𝑉 𝜏𝐵

(𝐿2
+,𝐵

𝐿2
+

− 1
)

(4)

where 𝑁 is the atomic density (8.3 ⋅ 1022 cm−3 for ZnO), 𝜇𝑉 is the
positron specific trapping rate and 𝜏𝐵 is the ZnO bulk lifetime of
154 ps, as calculated. 𝐿+,𝐵 has been calculated as 280 nm [33]. To
calculate the concentration of defects, due to the fact that the specific
trapping rate 𝜇𝑉 is not know for small vacancy clusters, we assume
as an approximation that the specific trapping rate for the cluster is
the specific trapping rate for a neutral vacancy, which is ∼1 ⋅ 1015 s−1

according to Tuomisto and Makkonen [22], multiplied for the number
of vacancies (four except for the AZO/Quartz film grown at 100 mTorr
where they are three) in the cluster.

We observe that 𝐿+ is almost the same around 30 nm for the 300 nm
thick AZO/STO and AZO/SiO2/Si films, while it is quite different for
the corresponding 100 nm thick films, decreasing from 26 nm in the
epitaxial one to 13 nm for the polycrystalline one. This is in line with
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Table 4
Summary of the results of the analysis of the DBS depth profiles, with relative 𝑆 and 𝑊 parameters, fitted diffusion length and extracted overall defect
concentration.
Sample Relative 𝑆 parameter Relative 𝑊 parameter 𝐿+ [nm] 𝐶𝑑 [cm−3]

AZO/STO 300 nm 1.058 ± 0.001 0.860 ± 0.003 34.5 ± 4.3 (8.7 ± 2.3) ⋅ 1018

AZO/STO 100 nm 1.061 ± 0.002 0.860 ± 0.004 26.0 ± 2.7 (1.5 ± 0.3) ⋅ 1019

AZO/SiO2/Si 300 nm 1.057 ± 0.001 0.868 ± 0.003 30.5 ± 1.7 (1.1 ± 0.1) ⋅ 1019

AZO/SiO2/Si 100 nm 1.058 ± 0.001 0.860 ± 0.003 13.0 ± 2.0 (6.2 ± 2.0) ⋅ 1019

AZO/Quartz 50 mTorr 1.080 ± 0.001 0.821 ± 0.003 10.5 ± 2.0 (9.6 ± 3.9) ⋅ 1019

AZO/Quartz 75 mTorr 1.132 ± 0.001 0.741 ± 0.003 9.0 ± 2.0 (1.3 ± 0.6) ⋅ 1020

AZO/Quartz 100 mTorr 1.148 ± 0.001 0.724 ± 0.003 4.4 ± 1.1 (5.5 ± 3.1) ⋅ 1020
Fig. 10. (a) 𝑆(𝐸) and (b) 𝑊 (𝐸) curves for the AZO/Quartz films and fits with the
diffusion-annihilation equation. The error bars are within the dots size if not visible.

the decrease of crystalline quality of polycrystalline films when the
thickness is decreased [7]. The 𝐿+ also decreases with pressure in
the AZO/Quartz films, from around 10 nm in the sample grown at a
pressure of 50 mTorr to around 4 nm for the one grown at 100 mTorr.
As reported in Table 4, the epitaxial AZO/STO and polycrystalline
AZO/SiO2/Si films have a defect concentration in the 1018−1019 cm−3

order of magnitude, while the AZO/Quartz films deposited at the
highest Ar pressures reach defect concentrations of the order of 1020

cm−3. The increase in defect concentration for these samples is in line
with their decreasing crystalline quality.

3.5. Coincidence Doppler Broadening Spectroscopy

For CDBS we selected three samples, the 300 nm thick AZO/STO
and AZO/SiO2/Si films and the 100 nm thick AZO/Quartz film de-
posited at 100 mTorr, and an implantation energy in order to maximize
the positron annihilation into the films, which correspond to 5 keV
for the 300 nm thick films and 2 keV for the 100 nm thick one.
This is because to get reliable CDBS data, long measurement times are
required. To construct ratio curves, we measured our ZnO bulk single
crystal and a Zn bulk crystal.

From the CDBS ratio curves to ZnO in Fig. 11 it can be seen that
all the AZO samples are quite defected, since the high-momentum
amplitude (above 10⋅10−3𝑚 𝑐) is far away from the ZnO reference
9
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Fig. 11. CDBS ratio curves to ZnO of the selected samples together with ATSUP
calculations of some small vacancy clusters included.

(low 𝑊 parameter) and also the low-momentum part is high (high 𝑆
parameter).

The data of the 300 nm thick AZO/STO and AZO/SiO2/Si are very
similar, while the 100 nm thick AZO/Quartz shows marked differences
with respect to them and thus is considerably more defective and shows
different type of defects. From comparison with calculated ratio curves
for defects, we can individuate what is the main annihilation site for
positrons in the sample, keeping in mind that, since the ATSUP codes
only considers core electrons, the low momentum part of calculated
ratio curves cannot be trusted and only taken as a rough indication.
Therefore, the ratio curves are typically only reliable for electron
momenta above 10 ⋅ 10−3𝑚0𝑐 [74].

In literature there are some calculations for CDBS ratio curves of
small vacancy defects in ZnO, with the projector augmented-wave
method and considering lattice relaxation [31,35,75]. Anyway, these
calculated curves, even if they consider relaxation, do not match well
with our experimental data. In fact, our experimental curves in the
high momentum region (above 15 ⋅ 10−3𝑚𝑜𝑐) are all below 0.7 of ratio
with bulk ZnO, while the ratio curves in the literature, which are all
for small vacancy complexes, always stay above 0.7. An exception are
the curves from Chen et al. [35] for the simple 𝑉Zn and the 𝑉Zn − 𝑉O,
which however show an oscillating behavior in the high momentum
zone which is not observed in our experimental curves. Hence, by
looking at the high momentum part of the ratio curves and comparing
them with ATSUP calculations in Fig. 11, it can be concluded that the
leading defect in the AZO/STO and AZO/SiO2/Si films is the 3𝑉Zn−𝑉O.
In fact, the ratio curve for the other calculated four vacancy complex,
the 𝑉Zn − 3𝑉O, is definitely too high with respect to experimental data
in the high-momentum region. In the AZO/Quartz films grown at 100
mTorr, instead, we know the defect balance is different, around 60% of
intensity for small and 40% for large complexes. The CDBS ratio curve
results from both annihilation channels, hence the large difference of
the ratio curve of this sample with respect to the others underlines the
different quality of the defects and the increased defectivity in this film.

The CDBS ratio curves to Zn, shown in Fig. 12, are all characterized
by a peak in the region 𝑝 = 5 ⋅ 10−3𝑚0𝑐, which is a fingerprint of
annihilation of positrons with electrons of O atoms. This is typical
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Fig. 12. CDBS ratio curves to Zn of the selected samples.

Fig. 13. CDBS calculated ratio curves for a ZnO di-vacancy with increasing number of
neighboring Zn atoms substituted with Al.

for cation vacancies in oxides, like 𝑉Zn in ZnO, which are clearly
surrounded by O atoms. The peak is less pronounced for the 100 nm
thick AZO/Quartz. This means that the positrons are seeing less oxygen
and this can be linked to the bigger size of the defects.

As anticipated, with CDBS it is possible to evaluate the chemical
surroundings of the annihilation environment, hence we exploited it to
check whether or not we have defect decoration with Al on Zn sites.
To do it we calculated the ratio curves for a ZnO di-vacancy with
increasing number of neighboring Zn atoms substituted with Al. From
comparison between the calculated curves reported in Fig. 13, the ef-
fects of defect decoration with Al are hardly visible in high-momentum
ratio curves, even when 5 neighboring Zn atoms are substituted with
Al.

By looking in Fig. 14 at the positron lifetimes calculated by sequen-
tially replacing by Al the nearest Zn neighbors of single 𝑉𝑂 and 𝑉Zn,
di-vacancy 𝑉Zn−𝑉O and triple vacancies 𝑉Zn−2𝑉O and 2𝑉Zn−𝑉O, it can
be observed that Al decoration tend to slightly reduce the lifetime. Only
extremely high Al substitutions would be detectable, much beyond the
Al content of these samples, and only for the decoration of the single
𝑉Zn and the 𝑉Zn − 𝑉𝑂 di-vacancy. Therefore, Al decoration of vacancy
defects in this system is not expected to be visible.

4. Conclusions

In conclusion, we present a complete study of the point defect
dynamics of 4 at.% AZO thin films grown by RF magnetron sputtering
on different substrates, STO, SiO2/Si and UV fused quartz. The films
were characterized by different thicknesses and crystalline order, which
was varied through the choice of the substrate and the deposition
conditions and ranged from epitaxial, to polycrystalline and to partially
amorphous. We performed a structural characterization through XRD
10
Fig. 14. Calculated positron lifetimes for different vacancy-defects with increasing
amount of Al substitution of neighboring Zn atoms.

and TEM, and we proved that AZO/STO films were epitaxial and
increasing the Ar pressure in the deposition of AZO/Quartz films up to
100 mTorr drastically decreased the typical preferred c-axis orientation
of AZO films and the crystalline quality in general, introducing a good
degree of amorphization of around 33% for a film grown at 100 mTorr.

The defectivity of the films have been investigated through depth-
resolved Variable Energy PALS, DBS and CDBS techniques. ATSUP
calculations were performed in order to unveil the lifetimes and the
Doppler broadening associated to defects in the ZnO lattice. We indi-
viduated the main defect in the films which is a four vacancy cluster
3𝑉Zn − 𝑉O with an intensity of around 95% in AZO/STO films and
more than 80% in AZO/SiO2/Si films. The remaining intensity in the
latter was associated to a longer lifetime, which we label to much
larger vacancy clusters located in grain boundaries. In AZO/Quartz film
grown at high pressure these larger vacancy clusters, located either at
grain boundaries or in the amorphous regions of the film, reach almost
the 40% of the intensity, and also some very long component appear,
which are probably due to some pores and voids already spotted by
TEM measurements. Nevertheless, in this film the leading defect is a
bit smaller than in other samples, being a three vacancy cluster, the
𝑉Zn − 2𝑉O or the 2𝑉Zn − 𝑉O complex. With DBS, we evaluated the
positron diffusion length and from it we extracted the overall defect
concentration, which ranges from 1018−1019 cm−3 for epitaxial and
polycrystalline films to 1020 cm−3 for partially amorphous films.

To summarize, thanks to the unique sensitivity of PAS to open
volume defects in solids, we offer a total description of the defect
dynamics of AZO thin films when their crystalline quality is varied.
These results can be important for further development of application
of TCO films, since their properties are strongly linked to the presence
of point defects.
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