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Abstract

Chemically resolved atomic-resolution imaging can give fundamental information about material
properties. However, even today, a technigue capable of such achievement is still only an ambition.
Here, we take further steps in developing the analytical field ion microscopy (aFIM), which
combines the atomic spatial resolution of field ion microscopy (FIM) with the time-of-flight
spectrometry of atom probe tomography (APT). To improve the performance of aFIM that are
limited in part by a high level of background, we implement bespoke flight-path time-of-flight
corrections normalised by the ion flight distances traversed in electrostatic simulations modeled
explicitly for an atom probe chamber. We demonstrate effective filtering in the field evaporation
events upon spatially- and temporally-correlated multiples, increasing the mass spectrum’s signal-
to-background. In an analysis of pure tungsten, mass peaks pertaining to individual W isotopes can
be distinguished and identified, with the signal-to-background improving by three orders of

magnitude over the raw data. We also use these algorithms for the analysis of a CoTaB amorphous
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film to demonstrate application of aFIM beyond pure metals and binary alloys. These approaches
facilitate elemental identification of the FIM-imaged surface atoms, making analytical FIM more
precise and reliable.

Key Words: atom probe tomography, analytical field ion microscopy, atomic resolution, time-of-
flight spectrometry, Correlation filtering (Received XX Y 20ZZ; revised XX Y 20ZZ; accepted XX

Y 20Z2)

Introduction
Atomic resolution imaging can provide unique information regarding a material’s structure to link it
to its intrinsic properties and help gain insights necessary to guide the design of future materials
(Robertson & Warner (2013); Zhang et al. (2017); Wei et al. (2021)). By coupling the atomic spatial
resolution with chemical information, it should be, in principle, possible to study the structure and
chemistry of structural defects that remain a grand challenge for the microscopy community.
Field-ion microscopy (FIM) was the first technique to image individual atoms on a metal surface
in the 1950s (Mdller (1951, 1956)). Its working principle is based on the field ionisation of an
imaging gas in the vicinity of the surface of a sharp, needle-shaped specimen usually at cryogenic
temperatures to improve spatial resolution by the electrostatic field arising from biasing the specimen
to a high voltage (Block (1994)). This field of the order of a few tens V/nm causes field adsorption
of the imaging gas onto the field emitter surface, which greatly influences field ionisation (Schmidt
(1994); Tsong (1990); Sweeney & Tsong (1981)). The electrostatic field strength that gives the
clearest image and possibly atomic resolution is termed the best imaging field (BIF) (Muller (1961)).
Furthermore, the adsorbed imaging gas and the surface atoms can also be field desorbed or field
evaporated in the form of ions. This field evaporation can then be time-controlled using pulsed
voltage or pulsed laser from which a 3D-FIM reconstruction can be made (Mdller et al. (1969);

Muiller et al. (1968); Cerezo et al. (2007); Vurpillot et al. (2017)).
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Muiller et al. (1968) later introduced the concept of atom-probe field ion microscopy (AP-
FIM), a field-ion microscope augmented by a time-of-flight spectrometer to analyse, i.e., reveal the
elemental nature of target individual or small groups of atoms from the surface of the specimen after
removal of the imaging gas. AP exploits the field evaporation of ions from a sharp needle specimen’s
surface via voltage (Mdller et al. (1968)) or laser pulsing (Kellogg & Tsong (1980); Jentsch et al.
(1981), Kellogg et al. (1979)). A time-of-flight spectrometer enables the ion’s mass-to-charge ratio to
be determined.

Atom probe tomography (APT), which has become more widely used in the past two decades,
later evolved from APFIM. In APT, a position-sensitive detector records the spatial coordinates of
the collected ion along with the time-of-flight. As a result, a chemically resolved three-dimensional
reconstruction with a sub-nanometre spatial resolution is obtained (Gault et al. (2012a, 2021a),
Larson et al. (2013a)). APT is widely used to study a material’s microstructure to establish
relationships between its composition, processing history and set of physical properties (Miller
(2005); Seidman (2007); Kim et al. (2021); Kelly & Larson (2012)).

Compositional mapping with true atomic resolution has been targeted since the early
developments of atom-probe FIM (Muller et al. (1968)), yet trajectory aberrations present in the field
evaporation process impede progress towards this goal (Krishnaswamy et al. (1975); Miller, M.K.
(1987); Gault et al. (2021b)). Promising results have been obtained with a few different approaches,
such as X-ray energy-dispersive spectroscopy combined with scanning transmission electron
microscopy. However, transmission microscopy techniques are usually limited to atomic-column
resolution (Itakura et al. (2013); Allen et al. (2012); Goris et al. (2013)) or require computationally
costly models to retrieve the information (Zhou et al. (2019)). These also suffer from limitations in
the range of sample geometry and elements that can be imaged by transmission electron microscopy.

Building upon the APFIM concept, analytical FIM (aFIM) was recently proposed as an
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alternative technique to APT (Katnagallu et al. (2019, 2021)). An aFIM experiment is performed in
a modern atom probe microscope, yet under a higher pressure of a gas typically used for imaging in
FIM. This is not to be confused with electronic FIM (eFIM), which uses the same instrumental
platform but only provides emulated images based on impacts on the particle detector operated in an
imaging mode of the atom probe microscope, and eFIM has no analytical capabilities. AFIM, in
principle, allows for combining the atomic resolution of FIM, through the field ionisation of the
imaging gas atoms, with the time-of-flight mass spectrometry analysis performed across the wide-
field-of-view of modern atom probe microscopes and not just through a probe-hole like for APFIM.
AFIM experimentation has a considerable, yet undeveloped, potential for the characterisation of
certain materials, particularly the interactions of solute elements with structural defects, including
vacancies (Morgado et al. (2021)) and dislocations (Katnagallu et al. (2019)) for which APT’s spatial
resolution is insufficient.

As compared to APT experiments, the unusually higher working pressure (1078 — 107° mbar)
due to the imaging gas causes a very high level of background in the mass spectrum. Moreover, the
commonly used algorithms integrated into commercial software to process the raw data often fail to
identify peaks and hence perform the necessary voltage correction (Sebastian et al. (2001)) and the
so-called bowl correction (Larson et al. (2013)) to account for changes in the flight length as a
function of the ion’s emitting angle. Furthermore, with a high background, it might be challenging
to identify the peaks in the mass spectrum to assign an elemental identity to the field evaporated
ions, as the peaks may not be high enough above the background and therefore be indistinguishable
in the spectrum. As a result, processing aFIM data can be extremely challenging, and these
difficulties hinder the precise identification of the surface atoms’ elemental nature.

Here, we aim to develop the processing of aFIM data further. We focus on experimental data

obtained from pure tungsten and a CoTaB metallic glass film. First, we propose a new algorithm for
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the time-of-flight bowl corrections by using an initial input obtained from calculating the distance
travelled by the emitted ions using electrostatic simulations. Second, we introduce an approach that
exploits spatial and temporal correlations for data filtering, leading to a substantial decrease in the
background found on the mass spectrum. These improvements make it easier to chemically identify
the field evaporated ions among the field ionisation events and, hence, help make aFIM analyses

increasingly more routine.

Materials and Methods

Materials
Needle-shaped specimens for analytical field ion microscopy were prepared from pure tungsten to
test the technique’s limits by electrochemical polishing at 5-8 VAC in a 5% molar NaOH solution
using the conventional approach outlined in (Muller & Tsong (1969); Miller & Forbes (2014)).
Samples from a ternary amorphous alloy CossTazBzs film were also analysed. Details of the
sample’s fabrication can be found in Refs. (Schnabel et al. (2016); Kontis et al. (2018); Evertz et al.
(2020)). In short, a magnetron sputtering ultrahigh vacuum chamber was used to sputter targets of a
CogsTaz2 alloy and an elemental target of B with different power densities directly on a Si (001)
wafer with a diameter of 50.8 mm. This sample was selected because B, Co, and Ta only have 1-2
isotopes and cover a wide range of mass-to-charge ratios, from 5 Da for 10B2* and up to 181 Da for
181Tal*, which is unlikely to be detected in the range of fields necessary to field evaporate the

majority species Co”° (Kingham (1982)).

Analytical Field lon Microscopy
The aFIM arises from the combination of the APT and eFIM or digital FIM. We use the Cameca
local electrode atom probe (LEAP) 5000 XS equipped with the eFIM module. Conversely to eFIM,

in aFIM each detector hit is associated with the corresponding time-of-flight measurement using the
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APT acquisition mode. By manually introducing the imaging gas (e.g., He, Ar, or Ne) via a leak
valve, the imaging pressure is adjusted to around 10~7 mbar. The pressure typically decreases over
the course of the experiment due to cryo-trapping and a lack of any feedback system to admit more

gas in response.

Given the high applied field, the imaging gas can be adsorbed on the specimen’s surface. And as the
field increases, it eventually desorbs, usually linked to the field evaporation of the surface atoms. In
short, the main parameters for such experiments are the gas composition, the pressure, the amplitude
of the pulsed voltage, and the base specimen temperature. Having fine control of these parameters is
important to optimise the contrast in the field ion micrograph, enable imaging of even the dimmest
atom, and control the field evaporation of the surface atoms. One way to manage this dynamic is by
using a voltage pulse or laser pulse superimposed to the best imaging voltage (Katnagallu et al.

(2021)).

Fig. 1. AFIM image formed from the field ionised events on the APT detector with Ne imaging gas of the (a)
bcc tungsten tip and the (b) metallic glass CossTazBas film.

Lastly, the data is extracted as an extended-POS ".EPOS" file using the commercial software AP
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Suite 6.1. This file contains the reconstructed position (x,y,z), the mass-to-charge ratio (Da), raw time
of flight, standing voltage, pulsed voltage, detector coordinates of the ions (x,y), number of pulses
since last detected ion and multiplicity ions. More details about the system can be found in Katnagallu
et al. (2021). The aFIM experiments were conducted using the pulsing voltage mode with a pulse
fraction of 20% and a 99.999% pure Ne as imaging gas. The pressure in the CoTaB experiment
changed from 1077 to 5 x 108 mbar in the ultrahigh vacuum chamber, and the pulse repetition rate
was set to 65 kHz to guarantee that all atoms were imaged by field ionised gas at the DC voltage
before getting field evaporated by the voltage pulse. The data analysis of the EPOS files (more
specifically, mass-to-charge ratio, raw time of flight, standing voltage, detector coordinates, number
of pulses since last ion and multiplicity) was performed using algorithms developed in-house with
MATLAB R2019a.

Figure 1 shows the FIM image recreated from the field ionised events of aFIM experiments.
Figure 1(a) is a FIM micrograph revealing a tungsten tip’s 011-orientated bcc lattice structure. In
constrast, Figure 1(b) is a FIM micrograph of the amorphous alloy CossTazB2s film, and no crystalline
features can be seen.

Results
lons of the same mass-to-charge projected away from the specimen at different emitting angles
by the divergent field generated by the specimen fly along trajectories of different curvilinear length.
The ions are hence detected with different TOF measurements on the distant planar detector. A
"bowl" correction on measured time-of-flight data accounts for longer flight paths for ions that
impact away from the detector centre (Larson et al. (2013)). Meanwhile, the aFIM experiments can
be described as APT experiments under higher pressures, given the imaging gas in the vacuum

chamber. As such, similar corrections must be applied to the data.

Time-of-flight bowl correction
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For atom probe instruments with a small field-of-view (FOV), the TOF errors could be satisfactorily
corrected using the Pythagoras theorem to relate a detector impact position to a flight path length
(Pareige et al. (2016)). However, new algorithms needed to be implemented with the increase in the
FOV from a reduction in the distance between the specimen and the detector (Deconihout et al.
(2007)), particularly on the local electrode atom probe (Kelly et al. (2004)). The commercial software
package IVAS uses two iterative procedures for the voltage (Sebastian et al. (2001)) and bowl
corrections, aiming to decrease the width of typically the highest peaks in the TOF spectrum Larson
et al. (2013). These approaches require the selection of this peak, which can be very difficult and
usually fails for aFIM experiments due to the low signal-to-background. Furthermore, improvements
from the voltage correction are typically modest as, for most aFIM experiments, the span of high

voltage is relatively small (e.g., 5% of the final standing voltage).

The approach for the bowl TOF correction we introduce herein is based on the electrostatic
simulations from Loi et al. (2013). The flight distance (Lflight) travelled by the ions emitted from
the specimen’s surface at increasing angles was calculated by integrating the actual path they
followed during the flight toward the detector. This flight distance is then plotted against the detector
impact radial coordinates (r) on the virtual detector for each combination of the shape of the tip, such
as the radius of curvature at the specimen apex (20-160 nm) and the angle of the specimen’s cone or
shank angle (2-18°), represented as various colours and symbols in Figure 2, respectively. As all the
data points fall on a similar trend, these are not detailed. A polynomial fit via a least-square protocol
was calculated for each set of data, with R? = 1 for each data series. A final polynomial is calculated
based on the average of the fitting parameters from all the fits. Figure 2 (inset) shows the ratios of
the actual flight distance to the predicted from the polynomial fit for each data set, this average
polynomial, and from the Pythagoras theorem. Alternatively, the algorithm could be also derived

experimentally via APT experiments, similar to what is done by the manufacturer for the calibration
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of the instrument.

As these simulations had been performed for an earlier configuration of the LEAP (3000/4000
generation), we used some sets of simulations from Lorentz-2E V10.2 reported in Ref. Rousseau et
al. (2020) for a geometry of a LEAP 5000 XS. Based on this polynomial deduced from the fitting

procedure, Ls;;q5: (M) can be obtained from this formula (Equation 1):

Lfiigne = 847.25r° —198.35r* + 0.457r% + 5.56 r% + 9.84 x 107°r + 0.10 1)

where each coefficient is determined from the fitting procedure for this specific instrument.
Polynomials with higher degrees were also tried but did not lead to an improvement in the R? value.

The conversion from the corrected TOF to mass-to-charge ratio is given by:

m _ 2eV (tfiight—to)?
n L? flight

)
where e is the electron charge, n is the charge state, V is the applied voltage, tfight and Liighe are the
ion’s flight time and flight distance, and to is the offset on the time-of-flight, which is instrument-
specific and occurs due to delays by cable distances and electronic devices. This offset can be obtained

by comparing the measured values with the expected values from the periodic table of isotopes.
Figure 3 shows the difference between corrected (orange curve) and uncorrected (blue curve)
TOF data for a pure W aFIM dataset. The peaks in the mass spectrum present a wider distribution
when these are not corrected. The proposed polynomial was used to calculate the mass-to-charge
ratio from the time-of-flight based on the impact position, assuming that the centre of the projection
is simply the centre of the detector. The individual isotopes are readily distinguishable in the
corrected mass spectrum, and the mass-to-charge values are near their expected position. Knowing
the value of the W isotopes, we can correct their shift by calculating the value of to from Equation 2.
This approach is not meant to replace existing protocols in commercial software. However, it can be

seen as an alternative when the background level is too high to deploy these existing methods.
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Fig. 2. Flight distance as a function of the detector impact position for simulated data from Ref Loi et al.
(2013) along with fitted polynomial for all the data. Insets are the ratio of the actual flight distance to the
predicted from the polynomial fit for each set of data (top), for a polynomial obtained with the average of the
fitting parameters obtained for all the fitted data (middle), and obtained from the Pythagoras theorem
(bottom).

—Uncorrected data
— Corrected data W3+

VAo

‘ ’fl'-\'-il" il ,mm :

Counts

yJ-‘l

ok '} ‘\. “’H 1

40 50 60 70 80
Mass-to-charge ratio (Da)

Fig. 3. Comparison of an aFIM experiment between uncorrected data (blue) and time-of-flight corrected data
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(orange) of a W tip using the proposed polynomial with t, = —21.65 ns.

Correlation filtering
After the TOF is corrected, further data analysis is necessary to increase the signal-to- background
ratio, which is done by correlation filtering (Katnagallu et al. (2019)), based on the spatial and
temporal correlations between field evaporated or field desorbed ions (De Geuser et al. (2007); Yao
et al. (2010); Saxey (2011)). As indicated in Katnagallu et al. (2021), a vast majority (> 95%) of the
detected ions are from the ionised imaging gas atoms. Depending on the experimental conditions,
i.e., slow and controlled field evaporation aFIM experiments, we can estimate the ionisation rate of
three orders of magnitude higher than the surface atoms’ field evaporation rate. This ionisation forms
the image and contributes to the background in the mass-to-charge spectrum. Figure 4 shows the
comparison between the mass spectra of the raw data, single and multiple hits for a tungsten
experiment using Ne imaging gas. Multiple hits consist of different ions arriving together on the
detector in the same pulse window. The signal-to-background ratio (S/B) increases marginally for
the W3+ peak: The raw data gives a S/B of 2.0, while the multiples have a S/B of 3.4. Here we can
also see impurities of He imaging gas. In addition, there are ripple artefacts around the imaging gas

peaks, which initially come from the pulsed voltage mechanism.
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Fig. 4. Mass spectrum from aFIM experiment of a W tip: no post-processing analysis (black), single hits
(blue), and only multiple hits (red).

We can still apply further filtering to improve the signal-to-background ratio in the multiple
spectrum. Figure 5(a) shows the multiple correlation plot, sometimes referred to as the "Saxey plot"
(Saxey (2011)), for the same dataset. It is the relation between the ions of a multiple event subdivided
into pairs (e.g., {m1,m2,m3} - {(m1,m2),(m1,m3), (m2,m3)}). The correlation plot is color-
coded according to the distance between the paired ions of the multiple events. No dissociation tracks
are visible in the plot (Saxey (2011)). However, we can see a line corresponding to standing voltage
or continuous evaporation of the imaging gases Ne*, He™. We can also notice the co-evaporation
between metal ions W**, W3+, and between metal ions and desorbing gas ions. The co-evaporations
are all physically related events and show an inter-impact distance (the Euclidean distance between
two ions is calculated using their detector coordinates) of less than 2 mm, depending on the

magnification.

Figure 5(b) shows the comparison between the mass spectrum for all multiple events and only
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those spatially correlated multiples for the pure-W dataset. The multiple events with high inter-
impact distance are very likely physically independent. Consequently, the dataset is filtered by
selecting the multiple events with a small inter-impact distance (e.g., lower than 2 mm (Katnagallu
et al. (2019)), increasing the S/B for the W3+ to 11.8. It is also possible to identify the peak W** in
the spectrum, previously hidden in the background. Miller et al. (1969), Kellogg et al. (1979), and
Tsong et al. (1985) have shown experimental evidence of adsorption of the imaging gas into the

specimen’s surface due to the high electric field at cryogenic temperatures.

In addition, the gas desorption required the field evaporation of the metal ions. This desorption
relation (e.g., W/Ne or W/He) can also be seen in the correlation plot of Figure 5(a). Figure 6(a)
shows the schematic illustration of the correlation between the desorption of the imaging gas
(measurement of the imaging gas ions, e.g., Ne™ at 20 Da) and the field evaporation of the metal
ions. We can pinpoint the most likely moments when the field evaporation of a surface atom occurred
by looking for these multiple events correlated with the desorption of the imaging gas.
Experimentally, we extract a specific amount of data after the imaging gas ions are measured
(desorption) within the multiple events, in other words, we filter the spatially correlated multiples
(green curve) by their correlation with the measurement/desorption of the imaging gas. It is a
temporal filtering of the spatially correlated multiples. The data is only selected if measured close to
an imaging gas desorption event, i.e., imaging gas ion detected by the time-of-flight spectrometer.
The region between two desorption gas events is defined as a "window", and the amount of data
selected after such desorption events is proportional to the window size (e.g., 1% of the events within
the window region), as shown in Figure 6(b). The selected data region starts right after the imaging
gas ion measurement (i.e., beginning of the window) because it correlates with the field evaporation

of the metal ion.
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Fig. 5. Relation between the multiple events and the inter-impact distance for the same data shown in Figure
4. (a) Correlation plot of the multiples organised in pairs. (b) Mass-to-charge spectrum comparison between
raw data (black), only multiple hits (red), and spatially correlated multiples with less than 2 mm apart (green).
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Fig. 6. Schematic illustration of the temporal correlation multiples filtering. (a) Correlation between
desorption gas ions and field evaporation of protruding atom for the aFIM experiments. (b) Detector event
index showing the window size (i.e., the region where data is extracted) between desorption gas events.

Figure 7 shows the temporal correlation of multiples for different window sizes (decreasing
from top to bottom) after the desorption event for the W experiment. The analysed data is variable for
each desorption event to ensure that the field evaporation event correlated with the field desorption is
captured. In this case, on average, 0.2% window size means 4 multiple events, and 40% gives an

average of 729 multiple events measured per window by the detector. The S/B increases substantially
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for smaller window sizes, reaching values of 7 x 103 for the W3*. Window size smaller than 0.2%

would not be statistically representative due to the amount of data filtered out. The following temporal

correlation results were done with a 0.2% window size.

Chemical identification

We can now compare the S/B for each filtering method for the tungsten experiment. Figure 8
compares the spectra without filtering and using only multiples, spatially correlated multiples, and
spatially/temporally correlated multiples. We can see a significant decrease in the background of the
mass-to-charge spectrum. In addition, the W** and the WNe** peaks start to be visible for the
spatially and temporally correlated multiples methods, respectively, and the S/B increases from 2 of
the raw data to 7 x 103 when using the temporal correlation filtering for the W3* peak. This post-

processing data analysis makes extracting the chemical information for specific atoms of the

recreated FIM images easier and more reliable.
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Fig. 7. Comparison between different window sizes for the temporal correlation filtering for the same data
shown in Figure 4. The window size decreases from 40% to 0.2% from top to bottom. Inset: shows the signal-
to-background of each window size for the W3+,
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Fig. 8. Mass-to-charge spectrum for the different filtering methods for the same data shown in Figure 4:
untreated data (black), only multiple hits (red), spatially correlated multiples (green), and spatially and
temporally correlated multiples (blue).

Application on amorphous alloy CossTazB2s

Finally, we use the same approach for a more complex system, the metallic glass CoggTa,B,5. Each
element is well separated in the mass-to-charge spectrum, for instance, 5 and 5.5 Da for B**, 29.5
Dafor Co**, and 60.3 Da for Ta3*. They also have very different ion masses, which means different
mass resolutions (Rousseau et al. (2020)). Figure 9 shows the mass spectrum using different filtering
methods. The S/B did not improve as much as the W case. Comparing the spatially correlated

multiples with the temporal correlation, the S/B for the Co?* changed from 8.21 to 38.5.
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Fig. 9. Mass spectrum of the CoTaB alloy using the different filtering methods: untreated data (black), only
multiple hits (red), spatially correlated multiples (green), and spatially and temporally correlated multiples
(blue).

Summary and discussion

Herein, we proposed methods to handle some current challenges in processing aFIM data.

TOF correction

Nowadays, most APT experiments have their TOF corrected via the iterative procedure of the
commercial software AP Suite. We proposed an alternative correction based on electrostatic
simulations for different geometries and launch angles to estimate the flight length via a simple
polynomial. In principle, this correction applies to any APT data, but we show the polynomial
applied for aFIM experiments acquired by using the APT mode of the LEAP 5000XS. Figure 3
shows the result of the correction for an aFIM experiment of pure-W, in which the S/B was
significantly low. The uncorrected data (blue curve) has very broad peaks shifted more than 5 Da

from the expected value. The polynomial algorithm makes the isotopes distinguishable and corrects
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their shift.

Further refinement of the TOF via a more involved bowl correction may be necessary, including
via the conventional approach outlined in Larson et al. (2013). The method we introduce here may
also be too simplistic in some cases. However, its computational cost is minimal, and it can already

provide sufficient improvement in the signal-to-background ratio to enable further corrections.

Mass-to-charge spectrum filtering

Although the imaging gas field ionisation contributes to the image quality, the higher pressure and
ionisation rate will also contribute significantly to the high background found in the mass-to-charge
spectrum of aFIM experiments. Therefore, post-processing of the data is essential to remove most of
the background and extract the chemical information of the imaged atoms. Figure 4 shows how the
usage of the multiple events can already improve the signal-to-background from 2.0 to 3.4 for the
W3*. Due to the constant ionisation events, the field evaporation is expected to be correlated to the
multiple events. In addition, we can note that even just adding 99.999% pure neon as the imaging
gas, we still measure residual He imaging gas from previous experiments or leak in the mixing
chamber setup. A mixing gas composition can help image more complex alloys due to different best
image fields (Panitz (1982); Akre et al. (2009)). However, the experiment temperature will be limited
by the higher condensation temperature of each gas involved.

The visible ripples across all spectra following the imaging gas peaks can be associated with
dynamic effects from the HV pulse discussed in detail by Rousseau et al. (2020) or imperfect filtering
of the HV pulse leaving trailing low-amplitude pulses after the main pulse. These ripples can make
it more challenging to identify chemical elements with a mass-to-charge close to the main imaging
gas. These ripples do not appear with aFIM performed in laser mode, as discussed previously
(Katnagallu et al. (2021)).

When looking through all the combinations of multiple hits, we can still filter out those not
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corresponding to the field evaporation of the metal ion. Spatial correlation filtering removes the
physically unrelated events by calculating the distance between the ions when hitting the detector,
e.g., two ionised imaging gas in the same pulsed window. Temporal correlation filtering uses the
desorption of the imaging gas to pinpoint the moments that field evaporation occurred. This
correlation can also be seen experimentally via the multiple correlation plot (e.g., W/Ne or W/He) in
Figure 6(b). Figure 8 shows the improvement in the S/B when these algorithms are implemented for
the W sample. It goes from 2.0 to 7 x 103 for the W3*and from indistinguishable to 6.1 for the
peak W**. For smaller window sizes, the S/B increases for all peaks, and molecular ions (WNe**)
are visible (Muller et al. (1969) ). However, when the same algorithm is applied to a more complex
alloy like CoggTa,B,s, the S/B does not increase in the same proportion as in the tungsten
experiments, going from 8.21 to 38.5 for the Co?* peak. This could be due to a more complex
evaporation process, associated with the variety of neighborhoods of the surface atoms at the time
of field evaporation, as well as an average lower evaporation field for Co, Ta, and B, in particular in
comparison to the field necessary to desorb the imaging gas from the surface.

The exact value of the detection efficiency using this filtering method is not trivial to extract. As
mentioned previously, aFIM is performed in the LEAP 5000 XS instrument, which has a detection
efficiency of around 80%. However, most of the ions detected in an aFIM experiment arise from the
field ionisation of the imaging gas atoms, which provides the image of the surface atoms. Therefore,
aFIM could have a higher imaging efficiency than APT, since losing the field ionisation events would
only imply a small change in the contrast of the imaged surface atoms, the atom on the surface could
still be imaged. The key limitation is the detection of the ion from the field evaporated surface atoms,
because, despite the filtering method having significantly improved the S/B, the detection efficiency
decreased as noticeable by the reduction of the number of ions detected for each peak in Figure 8

and Figure 9, along with the association of an imaged position with a time-of-flight. For the case of
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W, the difference between the raw spectrum and the spatially/temporal correlated multiples is about
an order of magnitude. Meanwhile, for the CogT a, B, experiment, there was a decrease of 2 orders
of magnitude. One way to increase the detection efficiency and reliability is by using additional
information for the identification, for instance, density functional theory (DFT) calculations can give
insights into the brightness of the imaged surface atoms, or the measurement of the atomic radius of
the imaged atoms.

The relatively low detection efficiency can impact material science applications since it can fail
to detect the desired/specific ions, such as solute segregation to vacancies of Morgado et al. work
(Morgado et al. (2021)). In this case, aFIM experiments assisted with DFT calculations were used to
identify the Ta solute ions, seen as brighter surface atoms in the FIM images. Further developments
in the filtering/identification are necessary to improve the detection efficiency to expand aFIM
applicability.

Conclusion

Analytical FIM has the potential for unraveling long-standing problems in materials science.
However, there remain many challenges in the processing of complex data. The background could
be significantly reduced with spatial and temporal correlation filtering, with S/B improvements up
to three orders of magnitude. Further refinements are needed to facilitate the routine application of
aFIM beyond qualitative information, as is often done at the moment in combination with three-
dimensional FIM, for instance (Klaes et al. (2021)). Information regarding the brightness of each
imaged atom is currently not exploited, and monitoring the brightness change for each imaged atom
could help associate an image position to a detected ion moment. Nevertheless, aFIM is a promising
technique that could improve our understanding of trajectory aberration found in APT.
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