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Solution synthesis and dielectric properties of alumina thin films:
Understanding the role of the organic additive in film formation.

Rudolf C. Hoffmann?, Maciej O. Liedke®, Maik Butterling®, Andreas Wagner®, Vanessa Trouillet®, and
Jorg J. Schneider*®

Alumina thin films are synthesized by combustion synthesis of mixtures of aluminium nitrate (ALN) and methylcarbazate
(MCZ). The correlation and interdependence of the ratio of oxidizer and reducing agent on composition, microstructure and
dielectric properties of the resulting oxide layers is investigated. Uniform films with low surface roughness result from
spincoating and direct heating heating of the thin films. XPS studies reveal almost complete removal of the ligand sphere of
the precursors after annealing at higher temperatures. However, a layer of carbonaceous adsorbates exists at the film
surface even after calcination. The porosity of the films can be analyzed by means of positron annihilation liftetime studies.
In this way the impact of the organic ligand sphere on the resulting porosity is quantified. Samples prepared from ALN alone
exhibit mesopores and also larger micropores. In contrast, the formation of mesopores can be inhibited by addition of MCZ.
Thus, the dielectric properties are improved by addition of a small amount as well as a large excess of MCZ (MCZ:ALN = 0.67
or 2.5). Medium concentrations of MCZ (MCZ:ALN =1.0 or 1.5) lead to films with lower performance, though. This indicates
two opposing effects of the organic additive. Removal of organic residues in the form of combustion gases is potentially
detrimental. Larger amounts of MCZ, however, cause condensation reactions in the precusor mixture, which improves the
microstructure. In this way films (thickness ~140 nm) with a dielectric constant k of 9.7 and a dielectric loss tan & below

0.015 can be achieved.

Introduction

Solution combustion synthesis (SCS) of molecular precursors
has been proposed as an alternative route to the sol-gel process
for the deposition of metal oxide films from solution.12 The
employed reaction mixtures contain a combination of oxidizer
and reducing agent, such as a metal nitrate and an organic
component. In this way, a highly exothermal ceramisation
reaction is achieved and the overall processing temperature for
thin-film formation is reduced.3# The relative amount of the
two components (“fuel to oxidizer ratio”) is a trade-off between
the increase in generated heat of combustion and possible
detrimental effects like excess contamination of the generated
films by excess decomposition products from the precursor
molecules. The functional oxide layer is only obtained after the
deposition of a wet-film in a further step, which typically
involves thermal or UV treatment.> The removal of organic
residues by decomposition or combustion causes the evolution
of gaseous reaction products and leads to formation of porosity
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and shrinkage.® That said, the exact function of the organic
counterpart, certainly exceeds the role of a mere reducing
agent during combustion. The influence occurs on all stages of
the deposition process and has an impact on the resulting
morphology and microstructure of the resulting oxide layer.
Firstly, the type and the amount of the organic component
affects the wetting behavior of the coating solution on the
proposed substrates.”.8 More importantly, basic additives will
induce condensation processes generating M-O-M or M-OH-M
linkages in solution or the wet-film, i.e. formation of sol or
gels.%10 This is particularly advantageous as the ceramic yield is
increased, which limits shrinkage during calcination.!? These
few examples already show, that a control and understanding
of the chemical nature of the interaction between metal nitrate
and organic molecules in the precursor solution as well as film-
formation reaction of the precursor gels is required.1213 In
addition investigations of the decomposition pathway as well as
the oxide formation process are highly important for developing
the synthetic process for thin film manufacturing.813

Metal oxide dielectric materials are a key element in thin film
electronic systems. The two most critical characteristics are
high areal capacitance and ideal electrical insulation.1* This
definitively narrows the available choice, as a high dielectric
constant and a large band gap are required at the same time,
which is only the case in a small number of metal oxides.
Furthermore, a suitable dielectric should be amorphous with a
smooth surface and low interface defect density with the
semiconductor.214 A good candidate, which fulfills all of these



criteria is aluminum oxide.'> Thus, consequently there is great
interest in synthetic approaches for such thin films.

SCS was applied by different groups using mixtures of
aluminium nitrate and urea in methoxyethanol. Interestingly,
very different ratios, i.e. 1:2.5 1617 and 1:6 18 were chosen. The
extremely fuel rich composition leads to drastically better
results. Unfortunately, no explanation was evident and a
systematic comparison on the influence of the relative amount
of the educts is missing. On the other hand aluminium oxide
powders have successfully been synthesized by means of SCS
for decades.’® So far a plethora of reducing agents was
successfully tested for potential use. In SCS. In a direct
comparison (Scheme 1) between urea and carbohydrazide or
methylcarbazate, the latter lead to lower ignition temperatures,
but also the generation of less heat of combustion.20 This
resulted in larger particles with lower specific surface area.
Whereas this finding might be undesirable for the synthesis of
ultra-small nanoparticles, it might hint at a possible
improvement for the synthesis of dense and less porous thin
films.20.21
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Scheme 1: Structural formula of various fuels in SCS. (1) urea, (2) carbohydrazide
and (3) methylcarbazate.

In this work SCS of alumina thin films using aluminium nitrate
nonahydrate (ALN) and methyl carbazate (MCZ) is investigated.
Emphasis is put on elucidating the impact of the fuel/oxidizer
ratio on the resulting microstructure and morphology of the
dielectric films and the corresponding dielectric performance of
the dielectric. Hereby, high-resolution transmission electron
microscopy (HR-TEM) as well as positron life-time
measurements (PALS) are used to gain insight into the
microstructure of the alumina thin films. In addition, the species
obtained in solution and in the wet film, will also be elucidated.
Finally, the dielectric properties of the solution processed
alumina films are studied using a metal/insulator/metal device.
Overall, an attempt will be made to get a broad picture involving
all steps in the combustion process for metal oxide film
formation.

Results and discussion

Wet film formation and thermal decomposition of precursor

Thin films are prepared from solutions of ALN and MCZ in
methoxyethanol by spincoating and subsequent calcination.
The molar ratio @s for the stoichiometric composition of the
mixture with respect to the combustion reaction can be
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calculated using the chemical valence approach of Jain et al.,?2
yielding a composition of MCZ:ALN = 0.67 (Supplement
Scheme 1). Thus, in this work molar ratios ®ym MCZ:ALN ranging
from 0.0 to 3.0 are taken into account. Furthermore, two
aluminium ion concentrations of 0.4 and 0.2 M (i.e. ~15 or 7.5
weight % of ALN) are compared. Solutions with molar ratios Oum
from 0.0 to 2.5 are stable over longer periods of time (minimum
eight hours), whereas with higher amounts of MCZ gelation is
observed within a few hours. Therefore, the solutions are
investigated by means of Dynamic Light Scattering (DLS).
Interestingly, the addition of MCZ leads to the formation of
nanoscalic particles in all investigated concentration regimes
(Figure 1a). For the lowest contents of MCZ the size remained
constant, whereas rather slow particle growth is observed for
®wm = 2.5 and rapid growth for Oy = 3.0.
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Figure 1: (a) Time dependence of the size of particles in solutions containing
various ratios of ALN (0.4 M) and MCZ. (b) AT-IR spectra of MCZ as well as films
from precursor mixture (ALN 0.4 M, MCZ:ALN = 2.5) before (wet film) and after
calcination at 450 °C.

Wet films obtained after spincoating are investigated by
Attenuated Total Reflection Infrared Spectroscopy (ATR-IR)
(Figure 1b). The signals differ significantly from those of pure
MCZ. Vibrations related to v(C=0) and v(-NH,-C=0) are shifted
to lower wavelengths and additional signals characteristic for
Al-OH groups at 1130 cm? occur. This corresponds to earlier
investigations in the system ALN-urea and hint at beginning
condensation reactions, i.e. olations.23 Peaks arising from Al-O
units, in the range at 600-700 cm™ and i.e. due to oxolation
processes can however, only be found after additional
calcination at higher temperatures.

This journal is © The Royal Society of Chemistry 20xx
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In order to investigate the decomposition mechanism, the
solvent is evaporated from the before-mentioned solution and
thermogravimetric analysis coupled with infrared spectroscopy
(TG/IR) is carried out (Supplement Figure 1, Figure 2). In
comparison to the thermal decay of pure ALN without further
additive,2324 the onset of the decomposition is shifted to
elevated temperatures with increased addition of MCZ.
Furthermore, two clearly distinct decomposition steps are
formed. The thermal decay is complete above ~240 °C, whereby
a constant residual mass is reached slightly above ~290 °C in all
investigated cases.
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Figure 2: (a) Mass loss (straight line) of precursor mixture (ALN 0.4 M, MCZ:ALN =
2.5) and corresponding Gram-Schmidt curve (dotted). (b) IR spectra recorded at
the maxima of the Gram-Schmidt curve in (a).

An analysis of the gaseous decomposition products is carried
out by means of IR spectroscopy. The attribution of the plethora
of peaks is not perfectly straight forward as a mixture of
different gases is present. It is possible, however, to identify a
number of small molecules like carbon dioxide (CO,) as well as
dinitrogen oxide (N,0) and isocyanic acid (HNCO), but also the
nitrogen oxides (NOy), which are expected from combustion and
comproportionation reactions.?526 However, ammonia or
hydrazine are definitely not formed. A carbonyl containing
compound can be found, especially under high ratios of
MCZ:ALN applied. Thereby v(C=0) is present at comparably high
wavenumbers, e.g. 1757 cm, indicating that further electron
withdrawing groups are linked to the carbonyl carbon. Products
resulting from a C-N or N-N cleavage (as might be expected from
calculations on cyclical transition states in the gas phase
decomposition of methylcarbazate?’) cannot be identified,
though. Instead on basis of the signals present in the fingerprint
region (at 1280 cm™) an unambiguous attribution to dimethyl
carbonate (DMC) is possible. Interestingly, a comparable

This journal is © The Royal Society of Chemistry 20xx
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rearrangement under formation of DMC has been found by our
group for the decomposition of zinc complexes with
functionalized malonic acid esters.26:28 Possibly, this is a general
effect of the methoxy-formyl functionality -CO(OCHs), which
occurs due to an enhanced kinetic stability of DMC. This view is
supported by the finding that even for very high ratios of
MCZ:ALN in the precursor mixtures, still NOy is found in the
reaction products, which could act as an oxidizing agent.

Topology and microstructure of alumina thin films

Films obtained from mixtures of different MCZ:ALN ratios after
calcination appear very uniform with homogeneous surface
coverage. Atomic force microscopy (AFM) reveals a very
smooth surface topology. (Figure 3) A particulate morphology
becomes visible at higher magnification in SEM micrographs in
cross sections of such films (Supplement Figure 2). Lighter
contrast areas may be indicative for cracks as well as pinholes.
Such microstructure is not only observed for coatings from
dispersions of nanoparticles, but also for precursor-derived
ceramics, e.g. dielectrics obtained from complexes with
oximato ligands. % 2 In a more specific approach cross sections
are prepared using the Focussed lon Beam (FIB) preparation
technique and characterized using  High-Resolution
Transmission electron Microscopy (HRTEM) (Figure 4,
Supplement Figure 3). X-Ray diffraction of films obtained on
quartz appear amorphous even after calcination at 500 °C
(Supplement Figure 4). This is not surprising as films synthesized
from the decomposition of ALN alone are known to be
amorphous up to temperatures well above 550 °C. 3.4 Either the
crystalline particles are too small for a distinct detection by X-
ray diffraction, or the crystallinity is induced by the electron
beam or sample preparation.

Figure 3: AFM image of the topography of an alumina film on a silicon substrate
obtained from spincoating of the precursor mixture (ALN 0.4 M, MCZ:ALN = 2.5)
and annealing at 450 °C. (a) and (b) show different magnifications. (Thickness ~
145 nm, RMS 0.2 nm)

J. Name., 2013, 00, 1-3 | 3
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Figure 4: (a) HRTEM micrograph of cross-section prepared by FIB of alumina film
obtained from precursor mixture (ALN 0.4 M, MCZ:ALN = 2.5) after annealing at
450 °C. (b) Image at higher magnification of the same sample.

UV/VIS spectra show highly transparent films (Supplement
Figure 5). It is not possible to determine the band-gap of
aluminium oxide using optical spectroscopy, which lies well
below this wavelength regime. Crystalline a-Al,03 has a band-
gap of 8.6 eV,32 whereby this is significantly reduced in
amorphous films to 6.9 eV.33 In any case absorption edges at
about ~ 4.9 eV in some publicationsi® presumably result from
residual organic or defects.34

XPS investigations elucidate the chemical composition of the
films and especially the eventual presence of organic residues
(Figure 5, Supplement Figure 6). Films synthesized from
mixtures of ALN and MCZ after annealing at 250 °C (1) as well as
500 °C (2) are measured. For comparison also a film from ALN
without additives (3) is investigated, which could nevertheless
exhibit residues from the solvent. In order to have results from
a sample with no organic contributions at all, a specimen from
oxidation of metallic aluminium (4) is also included.

Top surfaces are measured and depth profiles are conducted in
order to get information within the layer. All samples show
some usual environmental contamination evidenced by the C 1s
region before sputtering. This surface contamination can be
then removed whereas in the case of (1), further carbon species
are still detected in the depth. In addition (1) exhibits three N 1s
components before sputtering, namely NOs- (407.3 eV), NO,
groups (403.6 eV) and amine/amide groups (400.0 eV).3s
These signals, however, vanish after a few cycles of sputtering.
This could hint at a possible fixation of decomposition products
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of MCZ as well as rest of nitrate on the surface of the deposited
film. 36,37
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Figure 5: XPS spectra depicting (a) C 1s and (b) N 1s region of (1) as well as (c) C 1s region
of (2).

In agreement with the TG analysis, the removal of carbonaceous
species in (1) is incomplete but represents less than 2.5 at.% of
the layer composition. O 1s in all samples can be deconvoluted
in two peaks, one at 531.5 eV and a second one at 533.5 eV. This
reflects respectively the presence of aluminium in an oxidic

This journal is © The Royal Society of Chemistry 20xx
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(0?7) as well as hydroxylic (OH") coordination environment or
possibly even from carbon species in the case of (1). 3538 It can
be noted that only (1) and (2) show a ratio hydroxide / oxide of
~1/10in contrary to (3) and (4) which contain almost only Al,Os.
Nevertheless, for all samples, Al,O3 is the predominant species
with a ratio O (531.5 eV) / Al of 1.5.

Dielectric properties

Capacitors are fabricated in order to determine the dielectric
properties. Thereby an established design
(metal/insulator/metal MIM) for the set-up is employed (Figure
6). Initially a higher aluminium concentration, i.e. 0.4 M, is
chosen, since this allows the deposition of thicker films using
less iterations of spincoating and subsequent calcinations.
Annealing at 450 °C in air is used to achieve complete
ceramisation. Capacitors are fully prepared under
environmental conditions and characterized without further
annealing under argon. Breakdown measurements indicate that
a minimum thickness of ~ 100 nm is required for sufficient
insulating properties (Supplement Figure 7).

(a) analyzer

gold
aluminium oxide

glass

(b)

gold

aluminium
oxide

Figure 6: Schematic set-up of a MIM capacitor. (a) Cross section indicating layer

arrangement and substrate configuration. (b) Top view illustrating the

perpendicular arrangement of the electrodes and the position of the contact aid.
The overlapping area is highlighted by a dashed square.

Typically, maximum dielectric strengths of 2.0 MV/cm and
leakage current densities well below 108 A (at 1.0 MV/cm) are
obtained. Such performance parameters are considered
appropriate for the use in thin film transistors.3° These values
did not vary significantly upon changing the MCZ:ALN ratio.
Samples without addition of MCZ (k 6.8 and tan & 0.087)
however exhibited lower dielectric strength and higher leakage
current densities. Dielectric constant k and loss tangent tan o
are determined as a function of the MCZ:ALN ratio (all values
extracted at 105 Hz). The best results are achieved for MCZ:ALN
=0.75 or 2.5 with ¥ 7.6 and tan 5 0.034 as well as ¥ 8.4 and tan
3 0.014, respectively (Figure 7a). An intermediate MCZ:ALN
ratio of 1.5 leads to a detrimental performance (x 6.3 and tan &
0.105).

In a second series of investigations, a lower aluminium
concentration, i.e. 0.2 is used in order to improve the dielectric
behaviour, whereby the MCZ:ALN ratio is maintained. For the
deposition of dielectrics but also for semiconductors from

This journal is © The Royal Society of Chemistry 20xx

solution porosity can be lowered and more homogeneous
layers are obtained by applying more layers with lower
precursor concentrations.49%41 At the same time cracks as well as
pinholes are filled by subsequent deposition in such multilayer
arrangements. In this way defects are healed and the overall
performance improves.42 Actually an increase of the dielectric
constant to k of 9.7 and a dielectric loss tan & 0.015 (Figure 7b)
is obtained. In both cases dielectric performance parameters
are not significantly affected by the film thickness. Furthermore,
the observed frequency dispersion is low. This underlines the
quality of the aluminium oxide films in this work, as a
contrasting behaviour can be observed for solution deposited
dielectrics.29.40
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Figure 7: Bode Plots for aluminium oxide films obtained from MCZ:ALN mixtures with a
molar ratio of 2.5. (a) ALN 0.4 M and (b) ALN 0.2 M. Green and blue curves represent
films with ~210 nm as well as ~145 nm thickness, respectively. Top electrodes with 1000
pum width and bottom ITO electrodes with 250 pm width in all cases.

Microstructure and point defect analysis by PALS

In an attempt to correlate the dielectric properties to the
intrinsic microstructure of the alumina thin films positron
annihilation lifetime spectroscopy (PALS) is helpful (Supplement
Figure 8). Samples are prepared by consecutive spincoating and
annealing at 450 °C of six layers of the precursor mixture on
silicon substrates. The curve fitting of these PALS spectra is
carried out with 5 lifetime components (t1-ts) (Supplement
Figure 9).

The 1st contribution (t1) ranges from values of 0.1 to 0.3 ns in
dependence of the MCZ:ALN ratio. In earlier investigations
components with comparable lifetimes are observed. The value
is influenced by impurities,#344 the amount of residual
hydroxylation4> as well as the crystallinity or amorphicity** of
the sample and most interestingly it has been reported that any
addition of carbon to a-alumina and its subsequent calcination

J. Name., 2013, 00, 1-3 | 5



affects this parameter.4¢ Thus, the differences between films
obtained solely from ALN and those with addition of MCZ can
be explained by the reducing behavior of the latter. Hereby, not
only the value of t; is shifted, but also the relative intensity I, is
significantly increased. The lifetime component t; is typically
assigned to aluminium vacancies (Va) or larger defect clusters
associated therewith.43,46 In addition, further contribution (t,-
Ts) with longer lifetimes are found. These contain valuable
information about larger voids and the porosity of the film
(Figure 8).4344 Thus, the 2nd component (t2) corresponds to
small micropores (about 0.3 nm in diameter). The relative
intensity is highest, if no MCZ is added, whereby this free
volume size also dominates in the sample (1,=70%).
Furthermore, a clear gradient with respect to the depth profile
is observed here. In the other specimen the lifetime component
representing about 40% positrons annihilate due to this
particular defect. The 3" and the 4th component (t3 and t4)
correspond to micropores with ~ 0.5nm and ~1 nm size and a
relative abundance of 20% or 10%, respectively. Finally, the 5th
contribution is attributed to mesopores (> 1 nm).
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Figure 8: Pore sizes obtained from positron lifetime components 1,-t5 as a function
of implantation energy of alumina films on silicon substrates obtained from
precursor mixtures with various MCZ:ALN ratios. (a) small micropores, (b) medium
micropores as well as (c) large micropores and mesopores.
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Relative intensities below 1% can be considered as residuals,
hence can be neglected for samples with a MCZ addition. In
contrast to that, a distinct contribution can be found in the
sample obtained solely from ALN without any MCZ addition.

Conclusions

Aluminium oxide thin films can be obtained by solution
combustion synthesis using mixtures of aluminium nitrate
nonahydrate and methyl carbazate. Spincoating of solutions in
methoxyethanol leads to functional capacitors. The dielectric
performance is clearly influenced by the employed MCZ:ALN
ratio ®v. However, several opposing trends must be taken into
account. Thus, improvement of the dielectric behavior is only
observed with lower (Om ~ 0.75) as well as with the highest (Om
~ 2.0) relative amounts of MCZ. PALS clearly reveals that
addition of MCZ prevents the formation of mesopores in the
resulting aluminium oxide films. Furthermore, higher amounts
of MCZ favor olation reactions (gelation) in the wet film, which
is supposed to enhance the ceramic yield. That said, with
intermediate  MCZ:ALN ratios (®m ~ 1.5) no obvious
improvement with respect to samples obtained solely from ALN
becomes visible. In this case the beneficial effects of using an
additive are not able to overcome the drawbacks from having
to remove the organic content by pyrolysis. In any case gaseous
reaction products evolve during combustion which leads to
shrinkage and formation of porosity. Surprisingly, TG coupled
with IR measurements reveal that the expected com-
proportionation reactions do not take place. Instead, kinetically
stable intermediates are formed, i.e. the combustion remains
incomplete. Our findings question an assessment of solution
combustion synthesis merely on the basis of thermodynamic
data for an idealized ceramisation process, which is frequently
found in the literature. A comparison of various reducing agents
(“fuels”) should only be possible in a meaningful way by
comprehensive experimental investigations.

Experimental
Preparation of precursor mixture and coating of substrates

Coating solutions are prepared by disolving aluminium nitrate
nonahydrate (ALN) and methylcarbazate (MCZ) separarely in
methoxyethanol. The solutions are mixed and run through a
syringe filter (0.2 um pore size). Carrying out the solution
process separately is required in order to avoid local
concentration excesses and undesired pre-gelation. The
resulting precursor mixtures have ALN concentrations of 0.4 or
0.2 M. The MCZ:ALN ratio is varied from 0 to 2.5. Films were
produced by spincoating (30 s at 2000 rpm) of the precursor
mixture on quartz, silicon or indium-tin-oxide (ITO), coated glass
slides (all substrates 1.5 x 1.5 cm?2) and subsequent annealing on
a hot plate. Thicker films could be obtained by iteration of the
described coating procedure.

This journal is © The Royal Society of Chemistry 20xx



Device fabrication

The MIM capacitor was fabricated by using patterned indium tin
oxide (ITO) on glass (140 nm, OLED grade) as bottom electrode.
A sacrificial titanium or chromium/gold bilayer (3 nm/40 nm) of
square geometry was deposited at an edge of the ITO film by
sputtering using a shadow mask. Thereafter the precursor
mixture was spin coated and annealed. After the deposition of
the dielectric material, gold electrodes (50 nm) were deposited
on these dielectric films using a shadow mask by sputter
evaporation using a platinum metal source. ITO and platinum
electrodes formed perpendicularly overlapping strips with
different intersections of varying area size. The contact probe
was attached to the ITO electrode through the sacrificial gold
layer. Due to this procedure the dielectric film is not punctured
or damaged by mechanical cracking.

Material Characterization

(HRTEM/FIB) FEIl Tecnai G2 F20, with an operating voltage of
200 keV. FIB preparation carried out using an FEl
Helios NanolLab 460F1 FIB-SEM, followed by coating with a
platinum layer. Atomic Force Microscopy (AFM): CP-Il (Bruker-
Veeco), 0.5 Hz, silicon cantilevers. UV/VIS Spectroscopy:
Thermo Scientific Evolution 600. X-Ray diffraction (XRD):
Miniflex 600 (Rigaku), Cu-Ka radiation, 600 W in Bragg-
Brentano geometry. Scanning electron microscopy (SEM):
Micrographs were obtained with an XL Series, Philips, XL30 FEG.
Ellipsometry: Woollam M-2000 V spectrometer (spectral range
370-1690 cm™1) using the CompleteEASE software (version
6.29). X-Ray photoelectron spectroscopy (XPS): Thermo Fisher
Scientific, East Grinstead, UK. A monochromated Al Ko X-ray
source with a spot size of 400 um is used. The K alpha+ charge
compensation system is used during the analysis, using
electrons of 8 eV energy and low-energy argon ions to prevent
any localized charge build-up. The spectra are fitted with one or
more Voigt profiles (uncertainty: +0.2 eV) and Scofield
sensitivity factors were applied for quantification. All spectra
are referenced to the C 1s peak of hydrocarbons at 285.0 eV by
means of the well-known photoelectron peaks of metallic Cu,
Ag and Au, respectively. For depth profiling, a gun delivering
Argon ions with 3keV energy is used.

Positron annihilation spectroscopy (PAS)

The positron lifetime investigations are performed at the Mono-
energetic Positron Spectroscopy (MePS) beamline, which is the
end station of the radiation source ELBE (Electron Linac for
beams with high Brilliance and low Emittance) at HZDR,
Germany. A digital lifetime CrBrs; scintillator detector with
homemade software operating on SPDevices ADQ14DC-2X
hardware with 14-bit vertical resolution, 2 GS/s horizontal
resolution, and with a time resolution function down to about
230 ps are utilized. All spectra contain at least 5:106 counts. The
positron lifetime spectra represent a sum of time-dependent
exponential decays N(t)= X li/tirexp(-t/ti) convoluted with
Gaussian’s functions describing the spectrometer timing
resolution. Spectra analysis is conducted using the non-linearly
least-squared based package PALSfit fitting software. An yttria-

This journal is © The Royal Society of Chemistry 20xx

stabilized zirconia reference sample with well-defined single
component positron lifetime, t = 181 ps, is taken as a correction
spectrum to account for undesirable background by means of
subtracting not related to the sample positron lifetime
components during the fitting procedure: ~ 400-900 ps (< 5 %)
and <55 ns (< 1 %) depending on positron implantation energy.

Electrical characterization

Impedance measurements were carried out using Modulab
MTS System (Solartron Analytical Ltd.) equipped with a probe
station (Cascade Microtech, Inc). Measurements were carried
out from 1 MHz to 1 mHz at amplitudes of 500 mA.
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