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Abstract

In this paper the capability for quantifying the composition of Ba doped SrTiO (Ba:STO)
layers from an atom probe measurement were explored. Rutherford backscattering spectrometry
and time-of-flight/energy elastic recoil detection were used to benchmark the composition where
the amount of titanium was intentionally varied between samples. The atom probe results showed
a significant divergence from the benchmarked composition. The cause was shown to be a
significant oxygen underestimation (=14 at.%). The ratio between oxygen and titanium for the
samples varied between 2.6 and 12.7, while those measured by APT were lower and covered a
narrower range between 1.4 and 1.7. This difference was found to be associated with the oxygen
and titanium predominantly field-evaporating together as a molecular ion. The evaporation fields
and bonding chemistries determined showed inconsistences for explaining the oxygen
underestimation and ion species measured. The measured ions charge state was in excellent
agreement with that predicted by the Kingham post-ionization theory. Only by considering the

measured ion species; their evaporation fields; the co-ordination chemistry; the analysis



conditions; and some recently reported density functional theory modelling for oxide field
emission, were we able to postulate a field emission and oxygen neutral desorption process which

may explain our results.
Introduction

In modern semiconductor devices, there are an increasing number of different oxides which
now play a role. These not only include the traditional insulating gate oxides, e.g., SiO2 through to
HfO> (Hall et al., 2007; Sharma et al., 2022), but also the more complex transition-metal oxide
perovskites like SrTiOs and BiFeOs (Ji et al., 2019), being investigated for future memory and
guantum computing applications (Pai et al., 2013). Parameters such as the layer thickness, the
composition, and the spatial homogeneity i.e., how the different elements are distributed within
the layer, can all significantly influence the performance of the final device. Producing these oxide
layers requires growth techniques such as atomic layer deposition (ALD) (Popovici et al., 2010)
although achieving the optimum structure is challenging. In addition to the growth, accurate
characterization for improved learning is also required. This enables the layer properties to be
refined and optimized with respect to the device performance. Given the nanometre scale of the
oxide layer thicknesses now being sought, the multifarious layer chemistries being explored, and
the transition away from 2D i.e., planar technology, to 3D devices, there are few techniques which
can offer the combined spatial resolution and mass analysis capabilities needed. An emerging
technique that has the potential to meet these challenges is atom probe tomography (APT) (Larson
etal., 2016; Gault et al., 2021).

APT enables 3D elemental mapping of a material at sub-nm resolution (Gault et al., 2021).
This is achieved by preparing the sample into an ~100 nm diameter needle shaped tip while

retaining the region of interest (ROI) close to the apex. The needle shaped tip is then field



evaporated using either a high voltage pulse to vary the electric field at the apex, or ultrafast laser
pulses superimposed on a DC voltage which changes the apex temperature. The field emitted ions
are then collected on a 2D detector. The ion time of flight i.e., the time the ion takes to go from
the tip apex to the 2D detector, enables their mass-to-charge ratio to be determined. The ion arrival
sequence is used to determine their depth information. The measured ions are then reconstructed
to provide 3D compositional information about the sample (Gault et al., 2021). With the advent of
laser assisted APT, the range of materials suitable for APT analysis has evolved from just metals
to include semiconductors and insulators. APT offers the potential for accurate compositional
accuracy provided that all the constituent atoms making up the sample field evaporate and are
detected with the same probability. However, for oxides a commonly reported issue has been the
underestimation of the measured oxygen compared to that expected (Marquis et al., 2010; Devaraj
et al., 2013; Bachhav et al., 2013; Kinno et al., 2014; Mancini et al., 2014; Devaraj et al., 2015).
The objective of this study was to establish if the correct layer composition of barium doped
strontium titanate (Ba:STO), a critical parameter for understanding and optimizing its applicability
as a device material, was achievable from an APT measurement. However, as the concentration of
the titanium was varied significantly for certain samples, the perfect perovskite structure i.e., an
ABO:s type structure, will not always be retained. In this case, other perovskite type structures may
form e.g., the Ruddlesden-Popper (RP) phase [Ruddlesden & Popper, 1957; Ruddlesden & Popper,
1958]. The RP phase consists of a two-dimensional perovskite-like layer interleaved with the
excess cations i.e., Sr or Ba in our case. Given the likelihood some of our samples will not form
the perfect perovskite structure, we refer to our samples as Ba:STO to avoid confusion.
Rutherford backscattering spectrometry (RBS) and time-of-flight/energy elastic recoil

detection (ERD) were employed to establish and benchmark the layer composition. A good



agreement between the Ba:Sr:Ti site fraction measured by APT and RBS was found. However,
from the APT O:Sr ratio compared with that measured by ERD, the APT analysis was found to be
significantly underestimating the amount of oxygen by ~25 at.%. This ultimately resulted in a large
compositional bias.

To elucidate on the cause of the oxygen underestimation, we have investigated the
measured ion species and ion fraction, the evaporation field values of each ion, and the energy
required to remove each ion i.e., the cohesive energy of each ion type. Our findings show that the
species evaporation field and cohesive energies were not able to explain the oxygen
underestimation or why certain species of ions e.g., TiO molecules, were being preferentially field
evaporated. The charge state of the ions was also investigated and found to be in excellent
agreement with the Kingham post-ionization theory. Based on our analysis and considering some
recently predicted field emission behaviour for MgO or ZnO using DFT modelling (Karahka &
Kreuzer, 2013; Karahka & Kreuzer, 2015), we propose a possible field emission process that
explains the experimentally observed preferential emission of certain ions as well as the prominent

molecular ion formation and the neutral oxygen desorption.

Materials and Methods

For this study, four Ba:STO samples with two different types of layer stack were produced
and analysed using APT (Figure 1a). Sample 1 had the Ba:STO layer deposited directly onto a Si
substrate while Samples 2, 3 and 4 had an intermediary TiN layer in-between the Si substrate and
Ba:STO layer. The Ba:STO was deposited at 250°C by ALD on 300 mm Si wafers using a
Ba(*‘BusCp)2 Sr(‘BusCp)2 - Ti(OCHs)4 - H20 reaction system. As the titanium composition was the
parameter of interest, this was varied by changing the saturation condition for the Ti-O sub-cycle

during the ALD deposition process. For the layers deposited on 10 nm TiN, a 700°C spike anneal



in a N2 atmosphere was used to crystallize the films. The layer stacks of Samples 2, 3 and 4 were
relevant for memory applications. Sample 1, on the other hand, was intended to have the same
Ba:STO layer composition as Sample 2 but allowed the combination of RBS and ERD analysis to
be made more precisely. The reason for this was because the Ti from the TiN and Ba:STO layers
could not be isolated by RBS for Samples 2, 3 and 4. For Samples 3 and 4, the titanium levels were
intentionally varied. Finally, a TiO single crystal was also analysed with APT to aid in
understanding the field evaporation of the Ti and O. As the Ba:STO layers were superficial, a Ni
capping layer was evaporated onto the samples to protect them during APT tip preparation. All the
APT tips used in this study were made using the conventional focused ion beam (FIB) lift-out
approach (Miller et al., 2007) with a FEI Helios 450 FIB/SEM. The final tip diameter was in the
range of 50 - 100 nm, and a 2 kV (10 pA) Ga beam clean prior to loading the samples into the APT

instrument was adopted.
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Figure 1. (a) Schematic depiction of the two types of Ba:STO layer samples used in this study,
(b) a ROI taken from the APT analysis of Sample 2 showing the different layers and a further
ROI just incorporating the Ba:STO layer, and (c) the mass spectrum from just the Ba:STO layer

ROL.

The atom probe analysis was performed using either a CAMECA LEAP 5000 XR or
LaWaTaP in UV laser mode (A = 355nm LEAP and A = 343 nm LaWaTaP). The laser
energy/power (LE/LP) used varied between samples and is therefore reported alongside the
apparent concentration determined. The base temperature used was 50 K for the LEAP and 80 K
for the LaWaTaP analyses. A laser pulse frequency of 125 kHz and 100 kHz were used for the
LEAP and LaWaTaP respectively. The apparent concentration for all the samples was determined

using the CAMECA IVAS 3.8 (LEAP) or TaP3D (LawWaTaP) software and by ranging all the



peaks in the mass spectrum. A significant challenge for the APT analysis of the Ba:STO samples
at these laser wavelengths i.e., A = 343 - 355 nm, was the yield. An estimate for the number of
analyses where the data acquisition was not prematurely interrupted by specimen failure was found
to be extremely low i.e., in the range of 10 - 20 %.

As already mentioned, a combination of RBS and time-of-flight/energy ERD analysis were
used to analyse Sample 1 (Meersschaut & Vandervorst, 2017). For the RBS analysis we used an
ion beam of 1.523 MeV He", a sample tilt of 11° and a scattering angle of 170°, and with the
sample rotating along the sample normal to suppress effects from channelling. Thereby, RBS
enabled us to accurately determine the relative areal densities of Ba, Sr and Ti. For the
time-of-flight/energy ERD analysis a beam of 8 MeV **CI** with a sample tilt of 10° and scattering
angle 40° was used. The results were verified with time-of-flight/energy ERD measurements using
a 10 MeV %3Cu®* with a sample tilt of 20° and scattering angle of 40°. The time-of-flight/energy
ERD analysis allowed us to accurately determine the relative areal densities of Sr and O for the
sample.

Results

Ba:STO APT analysis

A region of interest (ROI) from a voltage reconstructed data set taken from Sample 2 (full
device stack measured on the LEAP 5000 XR) is given in Figure 1b. The reconstruction shown
was guided by the Ba:STO layer thickness previously determined by transmission electron
microscopy to be 7 nm. From the reconstruction the Ni cap, Ba:STO layer, TiN layer, and the
underlying Si substrate are observed. In Figure 1b a ROI from just the Ba:STO layer (20 nm
diameter and 5 nm in depth) is given, and in Figure 1c we show the corresponding mass spectrum.

The mass spectrum given in Figure 1c is highly representative of that found for all the Ba:STO



layer samples. The apparent composition as shown in Table | was determined by ranging the mass
spectrum peaks and applying peak decomposition, for example, to resolve *%0," from “Ti60**,
The errors quoted in Table I reflect the 16 counting statistical uncertainty (Miller & Forbes, 2009).
Several mass peaks centred around 72 Da had some ambiguity concerning their identity. Although
the peaks had the isotope signature of titanium, they could be attributed to either Tis** or Ti,O3*".
The apparent layer composition determined and given in Table | assumed that the peaks centred
around 72 Da were Ti>O3"*. This assumption was also adopted for all the APT quantification of
the Ba:STO samples studied and reported in this paper. To investigate the validity of this choice,
two analyses on the data were performed assuming that the peaks were either Tis i.e., favouring
more titanium, or Ti.Oz molecules i.e., now favouring more oxygen. In fact, the choice of
assignment on the apparent titanium and oxygen levels was found to be small i.e., of the order of
0.5 at.%. Another ambiguity for the analysis of the m/z spectrum relates to oxygen. The signal in
the spectra at a m/z of 16 i.e., 16 Da, may reflect the detection of either O* or O."". However, as
the signal intensity at 16 Da was always very small, the impact of its assignment on the apparent
oxygen composition determination was minor and of the order of 1 at.%. For the apparent

concentration values presented in this work, the signal at 16 Da was assumed to originate from O™,



Table I. Apparent composition for Samples 1, 2, 3, 4 and single crystal TiO determined from APT

measurements using either the LEAP and LAWATAP.

Sample/instrument/ Element

laser power/energy Ti (at.%) Ba (at.%) Sr (at.%) O (at.%)
Sample 1
(LEAP) 30.5+£0.1 42x0.1 174+ 0.1 479+0.1
LE=25pJ
Sample 1
(LAWATAP) 29.9+0.3 48+0.1 18.3+0.2 47.0+0.3
LP = 15,000 pW

Sample 2
(LEAP) 31.5+£0.2 47x0.1 18.2+0.1 456 +£0.1
LE=35pJ
Sample 3
(LAWATAP) 29.2+0.2 12.4+0.1 17.1+0.1 41.3+0.2
LP = 15,000 pW

Sample 4
(LAWATAP) 16.1 0.5 36.0+£0.6 20.2+£05 27.7+0.5
LP =15,000 pW

TiO2

(LEAP) 36.18 £ 0.01 - - 63.82 £ 0.01
LE =30pJ

The most noticeable and reproducible variant of the APT analysis was the much lower
oxygen content which had not been intentionally changed i.e., it was expected to be 60 at.%. As
the composition determined by APT is found by ranging the mass spectrum peaks, this could still
overlook any elemental bias issues due to measurement/instrument limitations (Mancini et al.,
2014; Meisenkothen et al., 2015). Underestimation of oxygen has been reported previously for
oxides measured by APT. Examples of this include the work of Kinno et al. (Kinno et al., 2014)
and Bachhav et al. (Bachhav et al., 2013) who found oxygen was underestimated when analyzing
SiO; and a-Fe,O3 respectively. Both groups also used an enhanced 80 oxide approach and came
to the same conclusion that the loss was an experimental artifact which could not be explained in

terms of an O*/O,"* peak overlap and misassignment. This is somewhat in agreement with our



results because even by ranging the 16 Da peak as O2"*, a minor (<1 at.%) change to the apparent
composition is found. Devaraj et al. (Devaraj et al., 2013) also found an underestimation of oxygen
when quantifying MgO and suggested this was caused by the undetectable neutral oxygen
emission. The underlying mechanism proposed was the long lifetime of holes that form at the
corners of the MgO lattice. This is then believed to lead to oxygen neutrals being formed under
UV laser illumination. Mancini et al. (Mancini et al., 2014) also reported an underestimation of

oxygen for the compositional analysis of MgO and ZnO.

Two types of atom probe instruments (CAMECA LEAP 5000 XR and LaWaTaP) were
employed during this study. Establishing if there were any significant instrumental related
differences on the apparent composition determination was required. Therefore, Sample 1 was
measured on both tools for comparison. This was undertaken because significant differences have
been previously observed when measuring similar samples on different tool types (Meisenkothen
et al., 2015; Martin et al., 2017). From the analysis of Sample 1 measured using both the LEAP
and LaWaTaP, the apparent Ba:STO layer compositions determined are presented in Table I. We

also note that the apex electric field for both analyses were similar (refer to Table I11). This was

O++

Ti
deduced from the —————~

CSR (the CSR and its relevance will be discussed later in the paper).
As the compositions determined were found to be in good agreement, this suggested that a

comparison between data collected on either instrument was feasible.

For samples with a well-defined stoichiometry e.g., MgO, ZnO etc., realizing there is an
underestimation and for which species is more straightforward. However, as our oxide layer was
a thin quaternary phase material, verifying our APT result i.e., whether the low oxygen value was
real or a measurement artifact, required confirmation. From an RBS analysis of Sample 1, an
accurate ratio between the Ba:Sr:Ti site fractions was obtained (Table 11). Time-of-flight/energy

10



ERD was then used to establish the O:Sr ratio for this sample (Table 11). By combining the RBS
and time-of-flight/energy ERD elemental fractions the Ba:STO oxide layer was determined to be

Bao.027Sr0.080Tl0.17500.718. The concentration (C) of element x (x being either Ba, Sr, Ti or O) is

Ex
Epqt+Esrt+ETi+EQ

found by using C, = , Where Ega, Esr and Eri are the (RBS) site fractions for the

elements Ba, Sr and Ti and E, = Eg, X (0:Sr)ggrp. The amount of oxygen determined i.e.,
71.8 £ 2.1 at.%, confirmed that the APT analysis (Table I) had significantly underestimated its
presence by ~25 at.%. The RBS and APT analyses (LEAP and LaWaTaP) show a good agreement
in terms of the Ba:Sr:Ti site fraction (see Table I1). This implies that the Ba, Sr, and Ti are either
not being underestimated or, they are all underestimated by a similar amount. However, the O:Sr
ratio determined by ERD and APT are very different (Table I1). Based on these findings it can
therefore be inferred that the significant elemental bias for the analysis using APT of this Ba:STO
layer was coming from an oxygen underestimation. A similar behaviour to that found here has
been reported for LINiMnO3 samples (Devaraj et al., 2015). The authors found the measured Li,
Mn and Ni concentrations were in good agreement with those expected when they renormalized

independently of O.
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Table I1. Element site fractions for Ba:Sr:Ti determined by APT and RBS; O:Sr ratio found by ERD and APT; Ba:Sr:Ti:O elemental

Ba+Sr

fractions as determined using APT (LEAP and LaWaTaP) and RBS in combination with ERD; the - fraction.
Sample Ba:Sr:Ti site fractions O:Sr O:Sr Ba:Sr:Ti:O Ba + Sr
ratio ratio (at.%) Ti

RBS LEAP LAWATAP ERD APT ERD corrected ERD
(Table 1) corrected

1 8.0:33.5:58.5 8.98 2.75 2.0:8.4:14.6:75.0 0.71

1 9.1:34.6:56.3 8.98 2.57 2.3:8.4:13.7:75.6 0.78

1 9.5:28.3:62.2 8.98 - 2.7:8.0:17.5:71.8 0.61

2 - 8.7:33.5:57.8 - 4.56 2.50 3.4:13.3:22.9:60.4 0.73

3 - - 21.1:29.1:49.8 5.47 242 8.2:11.2:19.2:61.4 1.01

4 - - 49.7:28.0:22.3 | 10.03 1.37 13.1:7.4:5.8:73.7 3.53

12



As previously mentioned, RBS could not be used for the determination of the Ba:Sr:Ti site
fraction for Samples 2, 3 and 4 due to the additional TiN layer. Recalling the good agreement
between RBS and APT for these elements in Sample 1 (as shown in Table I1), the APT Ba:Sr:Ti
site fraction for Samples 2, 3 and 4 were assumed reliable. Time-of-flight/energy ERD was then
used to extract an O:Sr ratio (see Table II) for Samples 2, 3 and 4. By combining these APT and
Time of flight/ERD ratios, the Ba:STO layer compositions for Samples 2, 3 and 4 were determined
and are given in Table Il. Although the oxygen content for Samples 2 and 3 were found to be
~60 at.%, while for Sample 4 >60 at.%, it again (refer to Table I) highlights that APT had
underestimated the oxygen content. For Samples 2 and 3 this was in the region of =14 at.% and
for Sample 4 significantly more (of the order of 45 at.%). For completeness we also determined
the layer composition for Sample 1 using the APT and Time of flight/ERD elemental fractions.
This not only shows excellent agreement between the two APT tools but also with the RBS and
ERD composition determination (Table Il). The enhanced oxygen observed for Sample 1 and 4 is
believed to be linked with the Ba:STO layer growth. This involved a stratum type approach
whereby Sr rich TiO and BaO layers were deposited separately and then subsequently annealed at
700° under N to form the Ba:STO layer. It is possible that oxygen containing molecules e.g., OH,

COz etc., may have been absorbed, especially if segregation of BaO/SrO occurred (Middleburgh

Ba+Sr
Ti

et al., 2013). From the

fraction (Table 1) we also observe an increasing Ba+Sr enrichment

compared to Ti as we go from Sample 1 to Sample 4 which was intentional and expected.

TiO2 APT analysis

In addition to the Ba:STO samples, a single crystal TiO, sample was analysed. As this was
a bulk sample, a larger amount (~8M) of ions were collected enabling better counting statistics

compared to the nanometre Ba:STO layers. From the resulting mass spectrum, an additional set of

13



peaks centred around 92 Da were now found. These peaks again showed the fingerprint of a
titanium presence but could be either Ti>™* or TiOz**. Assuming these peaks to be TiOs" i.e.,
favouring oxygen over titanium, the apparent composition was determined to be Tio.36200.638 (i.€.,
a O:Ti ratio of 1.76). For this simpler binary sample structure, the APT analysis does show an
improved agreement with the expected O:Ti ratio of 2. This also aligns with other binary oxide
analyses where a stoichiometry was observed which is in line with the known crystal structure,
e.g., TiOz, HfO2 (Mutas et al., 2011; Lim et al., 2020). However, although the discrepancy in

stoichiometry determined appears to be small, the species underestimated was again oxygen.

Apex field

Previous studies have shown that the sample apex electric field can have a significant
influence on the apparent composition measured by APT (Mancini et al., 2014; Diercks &
Gorman, 2015; Morris et al., 2018; Morris et al., 2019). Thus, to evaluate the comparison between
all our samples, some knowledge about the apex electric field was required. Although the apex
electric field cannot be measured directly, an indication of the average apex electric field can be

inferred through the charge state ratio (CSR) (Kingham, 1982) of an ion species present in the

Tiot+*
TiOt+TiOt+

mass spectrum. From our mass spectra both TiO™ and TiO™ were present. The CSR

was therefore used to investigate if the apex electric field was comparable between sample

Tiot+*

analyses. Table 111 shows the ————-—

CSR values i.e., average apex electric field, found for

[0+
Tio CSR was

each sample analysed. For Samples 1-3 and the single crystal TiO», the TOTITIONT

Tiot+

similar. However, for Sample 4 the —————
TiOT+TiO*+

CSR was much lower indicating that any

comparisons made with this sample should be treated with caution.
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A semi-quantitative estimation of the apex electric field using the post-ionization model of
Kingham (Kingham, 1982) was made. Using this post-ionization model to determine the TiO

curves, an average apex electric field in the range ~20-22 V/nm was estimated based on the

Tio*+
TiO+4TiO++

CSR for all the samples analysed. Assuming this apex electric field range and
determining the Kingham curves for all the other elements/molecules, we find that O, Oz and TiO-
should be singly charged while Ba, Sr and Ti doubly charged. These post-ionization predictions
are found to be in excellent agreement with our measured data. This therefore appears to indicate
that the ions we measure originate in their singly charged form before some undergo
post-ionization. From a theoretical study of ZnO field evaporation by Karahka and Kreuzer
(Karahka & Kreuzer, 2015), one expects a field dependence for the Zn ion charge state. For an
evaporation field of 17 \V/nm the authors predicted the emission of Zn* while for 25 V/nm it is
Zn**, For the lower field situation where Zn* is predicted to field evaporate, post-ionization was
given as the reason for the detection of Zn**. Although our results are in good agreement with the

post-ionization theory, we also note that Ba and Sr do have a +11 oxidation state within the Ba:STO

lattice and so their direct field emission as Ba*™ or Sr** cannot be ruled out.
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Tio*+
Tiot+Tiot+t

Table I11. The CSR ratio for all the Ba:STO and single crystal TiO, samples analysed; the O:Ti ratio taken from the APT

analysis (Table 1) and ERD corrected data (Table Il), and the percentage of ion species contributing to the apparent composition

determined for each sample.

TioO** | O:Ti ratio O:Ti lon species
TiOt+TiO ratio - - - p -
Sample (Taken Ti TiOz | Ti2O3 | TiO | TiO2 @) 02 Ba Sr
(%) from the (ERD 0, 0, 0, 0 [0) [0) 0, 0, 0,
APT data | cormected | O | @) | 08 | ) | ) | &) | ) | ) | ®)
of Table 1) | Table II)
1 92.1 1.57 5.14 0.4 0.0 5.7 53.7 2.9 2.2 135 4.2 174
(LEAP)
1 (LawaTaP) 88.4 1.57 5.52 0.3 0.0 4.1 53.9 2.8 15 14.3 4.8 18.3
2 99.0 1.45 2.64 0.3 0.0 6.6 55.6 2.3 0.6 11.7 4.7 18.2
(LEAP)
3 82.9 141 3.20 0.3 0.0 4.1 53.9 2.8 15 14.3 4.8 18.3
(LAWATAP)
4 52.1 1.72 12.71 0.1 0.0 10.7 19.6 7.6 0.1 3.7 37.2 21.0
(LAWATAP)
TiO2 88.0 1.76 - 0.7 0.4 2.3 65.0 6.0 1.2 24.4 - -
(LEAP)

16




Measured ion species

An explanation for the large compositional bias observed was sought through an in-depth
investigation of the mass spectra. Additionally, Miiller’s image hump model (Forbes, 1995) was
applied to determine the measured ions (zero barrier) evaporation fields while the ions
co-ordination number was employed to extract their individual cohesive energies, both parameters

considered to be influential.

Using the ranged mass peaks, the fraction of each ion measured was established and is
given in Table Ill. From Table Il we note that the most significant emission for the titanium and
oxygen was as a molecular ion e.g., TiO*"**, TiO,", Ti.03**, O,*. For the strontium and barium, it
was as a doubly charged single ion e.g., Sr*™* and Ba*™. From Table 111 we also see that for Samples
1, 2 and 3 where the apex electric field and titanium levels were comparable, the fraction of each
ion type is very similar. For Sample 4 a lower TiO fraction is found. This can be explained based
on the lower amount of titanium present and increased barium and strontium levels. This is also
supported by considering the APT O:Ti ratio for all four Ba:STO samples which are found to be
very similar (Table I11). We also note that these O:Ti ratios are not that dissimilar to those found
for the single crystal TiO2 sample i.e., 1.76. This would imply that the titanium and oxygen
emission process between these different types of layers i.e., Ba:STO and single crystal TiO, is
very similar. This includes where we have a significant variation in the titanium composition i.e.,
by almost a factor 4 as we go from Sample 1 to Sample 4 based on the ERD corrected APT data

(Table 1I).

The detection of molecules containing oxygen when analysing oxides with APT has been
reported previously. For example, in Vella et al. (Vella et al., 2011) the APT mass spectra

presented for both MgO and TiO; indicate that the principal mass peaks are MgOx or TiOx
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molecules. Additionally, in the APT study of ZrO by Dong et al. (Dong et al., 2013) the authors
claim to readily observe the molecules O, ZrO, ZrO2, and ZrO; in their mass spectrum. The
mechanism(s) that underpin molecular and to some extent, single ion emission, is still not well
understood. To investigate if there was a link between the evaporation field and the
single/molecular ions measured, a first order approximation was made by using Miiller’s image

hump model (Forbes., 1995) and Equation 1 for the energy barrier at zero field.

Qo = Econ + 2711 Eion — N, (l)

Where Econ is the cohesive energy, n the ionisation state of the ion, }; E;,, the sum of the
ionisation energies, and nge being n times the work function (ge). For this study the energy per
bond required to liberate the ion species was adopted for the cohesive energy term. The energy per
bond was used because it has previously been reported that the individual atomic bonding
arrangement within the structure can be highly influential on the field emission behaviour of oxides
(Karahka et al., 2015). For rutile TiO», the cohesive energy is given as 19.9 eV/TiO» (Hallil et al.,

2006) while one unit cell consists of two TiO2 molecules and 12 Ti-O bonds. The energy per bond

19.9 eV X2

is therefore estimated to be 3.32 eV i.e., )
12 (bonds)

In the case of the Ba:STO it was not possible

to find the ionization energies, work function and cohesive energies for different Ba/Sr
compositions. Therefore, to obtain an indication of the elemental and molecule ion evaporation
field values we have assumed either a BaTiOs (BTO) or SrTiO3 (STO) layer matrix. For the cubic
BTO or STO structures, the respective cohesive energies of 31.57 eV/BTO and 31.70 eV/STO are
reported (Uludogan et al., 2008). For one unit cell we have either a single BTO or STO molecule
consisting of 6 Ti-O bonds and 12 Ba-O or 12 Sr-O bonds respectively. From this we determined

the bond energies to be 3.32 eV for the Ti-O (taken from TiO2) and then either 0.97 eV for Ba-O
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31.57 eV—(6x3.32 eV) __ 1165eV
12 (bonds) T 12 (bonds)

or 0.98eVv for Sr-O ie., =0.97eV per Ba-O bond or

31.70 eV—(6x3.32 eV) __ 11.78eV
12 (bonds) T 12 (bonds)

= 0.98 eV per Sr-O bond. For the work function we adopted

different values based on a BaO/SrO or TiO, terminated surface which are taken from Jacobs
(Jacobs et al., 2016). In Figure 2 the measured ion species cohesive energies i.e., energy per bond,
the zero-barrier height 1%t and 2" charge state evaporation field values and the 1%t and 2" jonization
energies for Ba, Sr, Ti, O, TiO, TiO2 and O are presented. From the values determined and
reported in Tables 11l and Figure 2, the cohesive energies or the 1%/2"% evaporation field values
conflict with the type and fraction of ions measured. For example, although Ba and Sr have the
lowest and almost similar evaporation field values, Ti also has a very similar evaporation field but
is not among the most abundant ions detected. If anything, it is one of the least abundant.
Conversely, the TiO molecule is the most prominent ion detected but its evaporation field value
appears to be significantly higher than that of Ba, Sr and Ti. A qualitative agreement does appear
to exist for diatomic and elemental oxygen in that they have the highest evaporation field values.
This would support the poor field emission resulting in the underestimation of oxygen. However,
the findings also suggest that the doubly charged diatomic oxygen i.e., O>"*, should be more
favourable compared to singly charged diatomic oxygen i.e., O2". This is again not observed i.e.,

the fraction of O2" ions far exceed the number of ions measured at 16 Da (Table I11).
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Figure 2. Cohesive energies for the measured ion species determined using the number of bonds
(given for BTO and STO in the plots as [Ba/Sr-O,Ti-O] and for TiO2 [Ti-O]) multiplied by the
individual bond energies 0.97 eV (Ba-0), 0.98 eV (Sr-O) and 3.32 eV (Ti-O); the zero-barrier
height 1 and 2" evaporation field (Fey) determined for BTO, STO and TiO2; The measured ions
1%t and 2" lonization energies (11 & I2) (Gault et al, 2012) (except I for TiO and TiO2 which was
determined by DFT using the B3LYP/6-311+(d) hybrid density functional/basis set (Gobrecht et
al., 2021)). The work functions applied for BTO or STO were 2.78 eV or 3.18 eV for a Ba or Sr
rich terminated surface, 5.34 eV (BTO) and 6.33 eV (STO) Ti rich terminated surface while for

TiO2 we used 4.40 eV (Jacobs et al., 2016). The arrows highlight the lowest field of evaporation.
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Chemical bonding

Another underlying parameter reported to influence the type of element/molecular ion
emission and detection is the chemical bonding (Karahka et al., 2015). Therefore, by considering
the number of bonds each element has within the sample structure, the energy required to remove
the (molecular) ion species i.e., the cohesive energies, was determined (Figure 2). From these
calculations O and O are found to require the least energy although Ba and Sr are similar. Ti was
found to need = 3 times and TiO and TiO2 = 4 times the energy required to remove O. Based on
this, the individual element/molecule cohesive energies do not appear to offer an explanation as to

why the most prominent ion measured is TiO.

Density functional theory

More recently, DFT calculations have been adopted to predict the field emission process
(Karahka & Kreuzer, 2013; Silaeva et al., 2013; Karahka & Kreuzer, 2015; Gobrecht et al., 2021;
Cuduvally et al., 2022). Studies pertinent to this work are those of Karahka (Karahka & Kreuzer,
2013; Karahka & Kreuzer, 2015) who focused on oxide materials. Although Karakha’s studies
dealt with the simpler MgO and ZnO structures, our more complicated quaternary Ba:STO as well
as our single crystal TiO> findings do show some similarities. For example, in their model the
authors predict the Mg or Zn to field emit first. The sample surface then becomes stretched and
buckled which leads to either ZnO or MgO molecules being field emitted. If we were to consider
a similar emission behaviour for our samples alongside what we have already determined, then
one might expect the Ba and Sr to field emit given their weaker bonds and low evaporation field
values. Moreover, the additional weakening impact of polarization should not be overlooked. For
a permanent dipole, which exists between Ba-O and Sr-O, and in the presence of a large electric

field (tens of volts per nm) like that applied in an APT analysis, ionic polarization would be
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expected. A consequence of this polarization effect would include the stretching of the dipole bond
(Rosenberg, 1993). As there is typically a correlation between bond length and strength i.e., the
larger the bond length the weaker the bond strength, additional bond weakening between the Ba-O
or Sr-O atoms through ionic polarization could be expected. This combination of weaker bonds
and polarization may also explain why we do not measure any BaO or SrO molecules. Now,
following the Ba/Sr field emission, this would give rise to a TiO rich surface. If the upper layer(s)
were to then stretch and buckle in a similar way to that predicted by Karakha (Karahka & Kreuzer,
2013; Karahka & Kreuzer, 2015), while the electric field is predicted to penetrate the top layers of
an oxide (unlike the case for metals), then any weaker bonds e.g., Ba-O or Sr-O, even if they are
sub-surface, could be anticipated to break first. This would result in the field emission of the TiO
and TiO2 molecules from the surface. The emission of the TiO/ TiO2 molecules would then revert

us back to a Ba/Sr rich surface and the process repeats.

Oxygen neutral formation

Returning to the oxygen underestimation and in addition to the field emission of oxygen
by TiO/TiO2 molecules, some oxygen also field evaporates in the form of O,* along with a small
amount of O*. However, even by summing all these our results have shown this does not account
for all the oxygen present in the samples. Karakha’s (Karahka & Kreuzer, 2015) modelling also
predicted that for fields >20 V/nm, molecular oxygen can form on the surface of ZnO.
Additionally, for temperatures of >80 K, this molecular oxygen can readily desorb as a neutral. If
we consider our analysis conditions alongside these Karakha predictions, a similar reasoning for

oxygen neutral desorption can also be made. For instance, the apex electric field based on the

Tiott

———— CSR was estimated to be in the same range as that predicted for molecular oxygen
TiOT+Ti0O

formation on a ZnO surface i.e., >20 VV/nm. Moreover, the laser energy/power used in this study
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can be expected to raise the sample apex temperature above 80 K (Marquis & Gault, 2009; Kumar
et al., 2018). For example, the LEAP analysis only requires a modest increase i.e., > 30 K, while
for the LaWaTaP measurements, the base temperature was already 80 K before any additional

heating from the laser illumination is introduced.
Discussion

From our analysis where we considered some of the key parameters expected to influence
the field emission behaviour e.g., the ion cohesive energy, evaporation field values etc., we have
shown that these alone cannot describe what we measure from our Ba:STO or single crystal TiO>
samples. What our studies did show is that the complete field emission of oxygen, in a somewhat
similar way to that of nitrogen for many nitrides e.g., GaN, AIN, AlGaN (Mancini et al., 2014;
Diercks & Gorman, 2015; Rigutti et al., 2016; Morris et al., 2018; Morris et al., 2019; Morris et
al., 2022], remains a significant challenge for APT. Considering the measured ion species
determined, we showed that Ti was field evaporated as TiOx. This resulted in an unexpected
correlation between the measured Ti and O concentrations for the Ba:STO layers. Using this
correlation, a case for where the significant oxygen underestimation arise from can be made.
Firstly, the TiOx ion emission infers that the oxygen atoms within the sample and bonded to a
titanium atom are field emitted and detected. Conversely, the barium and strontium were found to
field evaporate as single ions. This implies that the oxygen atoms bonded to the Ba and Sr remain
behind. Through this field evaporation process the Ti, Sr and Ba are field emitted and accounted
for, which is in good agreement with our findings. However, following the field evaporation of the
Sr*/Ba™, it is believed that the oxygen left behind is not accounted for because it (thermally)

desorbs as a neutral. This explanation is best observed by considering Sample 4 where we have an
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increased Ba/Sr content at the expense of Ti, but also find the largest oxygen underestimation.

Figure 3 offers an illustration for the proposed Ba:STO field evaporation process discussed above.

l*“«‘\"‘..\n‘,‘

I’ @JA}';’A\’;’“\‘

Figure 3. Sketch illustrating the proposed field evaporation behaviour for the Ba:STO layers
(a) the sample structure (assuming a perovskite structure); (b) Field evaporation of the TiO?
leaving behind a Ba/Sr rich surface; (c) the Ba/Sr-O bonds become stretched due to ionic
polarization caused by the field; (d) Ba2*/Sr?* are field evaporated; (e) The oxygen left behind

is then thermally desorbed as neutrals.

If we now consider the single crystal TiO2 analysis, a much closer agreement to the
expected stoichiometry was found i.e., a O:Ti ratio of ~1.76. Again, the correlated Ti and O field
evaporation behaviour i.e., in the form of TiOx, explains the improved agreement with the expected
stoichiometry. The O:Ti ratio for the single crystal TiO2 was found to differ from that expected by
~14%, with the oxygen being the element underestimated. From the APT literature for other binary

oxides, one can find similar differences in element ratio reported. Examples include Al.O3 where
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the O:Al ratio differs by ~15% from that expected (Marquis et al., 2010). For an a-Fe2O3 sample
Bachhava et al (Bachhav et al., 2013) found their O:Fe ratio was ~10% different to that expected.
Kinno et al (Kinno et al., 2014) reported for SiO2 an O:Si ratio discrepancy in the range of ~8-14%
depending on the analysis conditions used. Moreover, what is also evident from these results is
that whenever there is a ratio difference reported, oxygen underestimation appears to be the cause.
A systematic study to collate the APT element ratio for different benchmarked binary, ternary,
quaternary .... etc oxides, along with the analysis conditions, would offer a more robust
understanding about which oxides and elements suffer the most zero-barrier evaporation field bias.
The preferential underestimation of a species not only affects the composition analysis as we have

shown here but, will also have a detrimental impact on the final reconstruction.

Some potential approaches to improve the APT analysis of oxides could include exploring
higher apex fields, tip temperature or even the laser wavelength applied. Previous studies have
found that higher apex electric field appears to yield a more accurate result (Agrawal et al., 2011;
Morris et al., 2018, Morris et al., 2019; Cuduvally et al., 2020; Morris et al., 2022), although
increasing the apex electric field too far can also lead to detrimental effects e.g., sample (micro)
fracture, (Prosa et al., 2019). Another parameter to consider is the tip temperature. As the field
evaporation for laser assisted APT is a thermally driven process (Tsong., 1984; Cerezo et al.,
2006), especially when using laser wavelengths in the range A = 343 - 355 nm (Chiaramonti et al.,
2020), determining an athermal approach might offer a solution. Some promising results using
extreme ultraviolet (A = 29.6 nm) laser radiation have recently been reported for the APT analysis
of SiO2 (Chiaramonti et al., 2020). The authors showed that the measured stoichiometry did not
significantly deviate from that expected and found it to be invariant of the base temperatures

(25 - 150 K) applied. It was proposed that the field evaporation at this wavelength invokes
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additional athermal ionization and desorption pathways which do not exist when using current
APT laser wavelengths for analysing semiconductors and insulators. As our Ba:STO layers were
extremely thin, investigating different analysis conditions was not feasible. However, exploring
the impact of different analysis conditions, as discussed above e.g., the apex electric field, laser
wavelength, laser pulse frequency etc. would be a logical next step although suitable i.e., thicker

Ba:STO layers, are required.

Combining experimental findings with theoretical modelling to better understand the field
evaporation process should also not be understated. Our initial attempt to explain our data by using
and exploring the simple image hump model proved insufficient. However, from some DFT
reported in the literature (Silaeva et al., 2013; Karahka & Kreuzer, 2013; Karahka & Kreuzer,
2015) about the kinetics of field evaporation, albeit for different types of oxide, we were able to
postulate on the field evaporation process and oxygen loss observed for our samples. This indicates
that DFT offers a very promising route for predicting field evaporation behaviour. However, DFT
is not straightforward to implement. For example, executing DFT analysis on sufficiently large
atomic arrays that are representative and informative, not just about the initial field evaporation of
the surface but also as it proceeds with depth, is extremely time consuming and computer intensive.
Moreover, a suitable minimal wave function basis needs to be established. This typically involves
studying the effects of a large electric field on the structure using different functionals to determine
parameters such as bond lengths, ionisation, and dissociation energies, which are then compared

to experimental values reported in the literature.
Conclusions

In this paper we showed a significant compositional bias when analysing Ba:STO layers

using APT. The reason was determined to be a =14 at.% oxygen underestimation. While the O:Ti
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ratio for our samples was intentionally varied by a factor of ~4, the apparent O:Ti ratios measured
by APT were all similar, as most of the Ti predominantly field-evaporated with O in the form of a
TiOx molecular ion. A simple consideration of the elemental and molecular evaporation field
values and/or cohesive energies were not able to explain the type of ions measured, being mostly
TiO molecules, nor to explain the oxygen underestimation. However, the charge state of all the
ions measured agreed with the Kingham post-ionization theory. By combining our findings with
some DFT field emission behaviour of oxides reported in the literature, we were able to propose a

plausible explanation for our measured data.
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