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Abstract

This paper explores the experimental conditions required to achieve an apparent stoichiometric
composition measurement in MgO using near ultraviolet (NUV; 355 nm) and extreme ultraviolet (EUV;
=29 nm) pulsed laser sources in atom probe tomography. MgO shows strong composition bias under
both NUV and EUV laser pulsing. The expected 1:1 bulk composition can be achieved in both EUV and
NUV pulsing at high average nanoscale field (low laser pulse energy), as indicated by either the Mg**
charge state fraction or the O* ionic fraction in a constant evaporation rate experiment. We report
oxygen-rich composition measurements in MgO for the first time. Regardless of the laser wavelength,
pulse frequency, or detection rate, the data falls on a single calibration curve of oxygen concentration as
a function of the Mg** charge state fraction except at the highest near ultraviolet laser pulse energy
tested. These results indicate that for a material with a potential sub-gap absorption mechanism such as
MgO, pulsing with higher photon energy does not confer additional benefit in terms of composition
measurement. The average nanoscale field is the primary experimental parameter that can be used to
achieve a stoichiometric composition measurement, except for when NUV laser pulsing at high laser

pulse energy.



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Key Words: Atom probe tomography, composition measurement, extreme ultraviolet, insulators.

1. Introduction

Atom probe tomography (APT) is a unique and powerful tool for atomic scale materials analysis. It can
provide composition information on arbitrarily shaped nanoscale volumes of material with high
analytical sensitivity across the entire periodic table. While precise, it’s utility to accurately measure
composition in unknown materials or phases can be limited by so-called composition bias. Composition
bias is the difference between the true, spatially-resolved composition of the specimen and the apparent
spatially-resolved composition as measured by APT, and is often a function of the experimental
conditions used to collect the data (e.g. laser pulse energy, ion detection rate, or base temperature)
and/or where the particular region of interest (ROI) is placed. For example, it has been shown that a
variety of compound and wide bandgap semiconductor materials exhibit varying apparent composition
as a function of the experimental conditions [1-17]. Strong compositional bias was demonstrated on a
variety of iron oxides [18-22], and a large study of mineralogical materials demonstrated that some

species such as arsenopyrite (AsFeS) and barite (BaSO,) can exhibit strong compositional [23].

For materials such as pure single crystal GaN, that can only exist in the stoichiometric state, this error
from compositional bias can be overcome by performing careful calibration experiments or by applying
known tooling factors to the measurement results. However, if the material or phase of interest is
unknown a priori (e.g. identifying the phase of a mixed cation transition metal corrosion product) or if
the system can exist as several distinct, closely related compounds (e.g. the series of chromium or

uranium oxides) or accommodate some level of non-stoichiometry on a continuum (e.g. through oxygen
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vacancy in tungsten oxides or iron vacancies in iron sulfides), then performing atom probe tomography
to determine the actual composition of an unknown specimen is nearly impossible.

Oxides comprise a large class of technologically important materials that are difficult to measure
accurately in atom probe tomography due to several inter-related factors, many of which are not fully
understood at this time. They often show strong composition bias, and the general trend is that while
occasionally there are reports of stoichiometric or oxygen-rich measurements [24—26], oxides are almost
always measured to be oxygen deficient in atom probe tomography [8,18-22,27-45]. Recently, it was
shown that using coherent extreme ultraviolet (EUV) radiation to perform atom probe tomography may
confer some benefit in terms of composition bias and measuring the oxygen concentration in amorphous
SiO,, perhaps due to an absorption-localized heating mechanism or possibly even athermal ionization

[26].

Building on those results, MgO is an interesting test case material to examine using EUV radiation for
several reasons. The bulk optical bandgap of MgO is 7.8 eV yet MgO has been routinely analyzed in APT
using near ultraviolet (NUV; A = 355 nm, Epnoton= 3.5 €V) and even green (A = 532 nm, Ephoton=2.3 eV)
lasers [1,46-52]. However, there are no reports in the literature of a stoichiometric MgO composition
measurement in APT where the peak at 16 m/z was ranged as O* instead of O,**. Labeling the 16 m/z
peak as O,** increases the apparent oxygen concentration, however 20 labeled studies have shown that
the 16 m/z peak consists of only O* in other oxides [22,28]. Pump-probe laser desorption studies on
cleaved single crystal surfaces using deep ultraviolet (Ephoton = 4.7 €V and 6.4 eV) excitation have shown
that both neutral ion and positive ion emission occurs in MgO [53-56]. It has been posited that
absorption and ionization of MgO under sub-gap, near ultraviolet (NUV) radiation in APT proceeds
through a process involving photoexcited holes [46,57,58]. Further, these holes may contribute to the

creation of oxygen neutrals that desorb as atomic O or molecular O,, thus greatly affecting composition
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measurements [59]. Other studies point out the possible contribution to absorption of Franz-Keldysh
effects, defects introduced during sample preparation, and importantly, closing of the bandgap at the
surface due to the high standing voltage [60—62]. An open question is whether performing atom probe
tomography using EUV radiation, which is well above the bulk optical bandgap of MgO, would produce
the same results, occur by the same mechanism(s), and whether EUV radiation would reduce

composition bias in the measurement of oxygen concentration compared to NUV laser pulsing.

The goal of this work is to study the field evaporation behavior of MgO<001> under EUV laser

illumination and compare that to results obtained using an NUV laser source. The laser pulse energy and
detection rate were varied for both wavelengths. The pulse frequency (repetition rate) was varied for the
NUV study; the EUV APT operates at a fixed pulse frequency. We compare the observed composition bias

and attempt to understand the conditions that lead to a stoichiometric measurement in this material.

2. Experimental Methods

Single crystal, single-side polished MgO<001> substrates used for this study were purchased from MTI
Corporation®. APT specimens were prepared using standard lift-out procedures [63]. Wedges were
mounted on Hitachi NanoMesh Si-based half-grids and shaped using 30 kV ®Ga* ions with a final polish
at 5 kV. The resulting tips had shank half-angles in the range of approximately 7° to 10°. Atom probe
tomography was performed on two straight flight path local electrode atom probe instruments. The first
was a CAMECA LEAP 4000X-Si near-ultraviolet (NUV) commercial instrument with a wavelength of A=355

nm (Ephoton=3.5 V). The second was the National Institute of Standards and Technology (NIST) Extreme

! Commercial equipment, instruments, or materials are identified only in order to adequately specify
certain procedures. In no case does such identification imply recommendation or endorsement by the
National Institute of Standards and Technology, nor does it imply that the products identified are
necessarily the best available for the purpose.
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Ultraviolet Atom Probe (EUV APT), which is based on a LEAP 4000X-Si platform and used a wavelength of
approximately A=29 nm (Ephoton=41.85 eV). For more information on the details of the EUV atom probe
instrument and generation of coherent EUV light for atom probe tomography, please see Refs. [64,65].
APT data were collected in constant detection rate (DR) mode with a constant laser pulse energy for
each experimental condition. A variety of laser pulse energies were tested with a base temperature
setpoint of 50 K and DRs of 1 % and 10 % (0.01 ions/pulse and 0.1 ions/pulse, respectively). The pulse
frequency of the EUV APT was 25 kHz. NUV data was collected at both 25 kHz and 250 kHz pulse

frequencies. Approximately 500,000 total ions were collected at each experimental condition.

The laser pulse energies in this study were varied by orders of magnitude in both systems, as much as
the instrument would practically allow. In the NUV system five orders of magnitude could be achieved
whereas in the EUV system, four orders were achieved. The data were collected using five different
specimens and laser pulse energies were varied randomly for cases where the same nominal pulse rate
and detection rate were used for sequential experiments. The laser pulse energies were varied randomly
in order to decouple the decrease in field accompanying any (slight) increase in radius as the specimen is

evaporated.

In the EUV system, laser pulse energy orders of magnitude are reported as “percent transmission” (% T).
This is because the laser pulse energy used for an experiment is controlled by inserting combinations of
thin (200 nm — 2,000 nm) Al filters into the beamline [64]. These are indexed by the measured fractional
transmission of the various filter combinations (compared to having no insertable filters; there is always
one fixed filter that is not varied) onto a photodiode and recorded as “% T”. Since the actual EUV
experiments were performed by physically inserting combinations of Al filters to vary the fractional

transmission by orders of magnitude, the EUV data will be presented as % T.
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This % T can be converted into a nominal laser pulse energy in joules using the known responsivity curve
of the photodiode. However, this number is not directly useful for comparison with NUV data since the
focused laser spot size and therefore the fluence and number of photons per unit area in these systems
are very different. For reference, assuming a FWHM beam diameter of =2 um in the NUV and =12 pum in
the EUV, 5% T in the EUV system is approximately equivalent to 5 pJ of laser pulse energy (but spread
over a much larger spot). In terms of equivalent fluence, which accounts for the spot size, 0.1 pJ in the
commercial LEAP 4000/NUV system (approx. 6x10° J/cm?) is approximately the same fluence as 5% T in

the EUV system (3x10° J/cm?).

Data were analyzed using CAMECA IVAS 3.8 commercial atom probe software. The peak at 16 m/z was
ranged exclusively as O* based on previous reports which used 20 to verify that the peak at 16 m/z did
not contain O™ for other oxides [22,28]. Ranging the 16 m/z peak as O,™ as was done in [49] would

result in an artificially high apparent oxygen concentration.

Mass calibration was performed using only the single-hit counts for the Mg* peak at 24 m/z. In both the
NUV and EUV datasets, the Mg* peaks showed peak splitting, the nature and magnitude of which varied
as a function of the laser wavelength and laser pulse energy (see below). For the purposes of mass
calibration, it was assumed that the peak with the highest number of single hit counts would be placed
at the proper location for the expected 2*Mg* isotope. For the NUV data, this method ensured that there
was always 2*Mg* peak present for every laser pulse energy but resulted in consistent pre-peaks in the
data. Conversely, the EUV data calibrated the same way shows post-peaks or bimodal tails for the **Mg*

peaks.



141  The Decomposition of Peaks algorithm within IVAS 3.8 was used for all data sets to separate the

142 contributions of the O,* ion and the Mg,0*" ion in the peaks near 32 m/z. This method employs a local
143 range assist power law-based background subtraction method that also includes a global time of flight
144  correction. We note that alternative background subtraction methods (e.g. local range assisted with

145 constant background, or only the global time-of-flight correction) may yield different results (see

146  Supplementary Information). The default ranging scheme in the Decomposition of Peaks algorithm (0.1
147 m/z before, 0.2 m/z after the peak for a total constant range of 0.3 m/z) was used for all peaks except for
148  the Mg" ions. For the Mg* peaks, the presence of consistent pre-peaks in the NUV data and the large,
149 bimodal tails in the EUV data necessitated the ranging of these ions manually. A similar approach was
150 used to the default method, where the ranges were set at 0.1 m/z before the first peak and 0.2 m/z after
151 last peak. Note that this method may result in a total range for Mg* ions that is often larger than 0.3 m/z.
152  These ranging schemes (16 m/z = O* and Mg* ranged manually) may skew the results slightly toward Mg-
153 rich concentrations on the order of ~ 0.1 % for the highest laser pulse energies as the total counts in the
154 Mg* peaks are very low, especially in the NUV data. Despite the alternate ranging methods used, the

155 overall trend in MgO composition as a function of LPE reported below remains consistent.

156

157  The Mg** charge state fraction (CSF) is defined as 2*Mg**/(**Mg* + 2*Mg™), as the 2*Mg*** ion was not

158 observed in our data. Only 2*Mg ions were used as they avoid any possible contribution of hydrides to
159  the calculation. The CSF was calculated using the entire ROI. Thus, it represents a spatial average (x-y,
160 and z) and neglects variation with depth as well as any localized perturbations that come from the

161 indications of crystallography (crystal pole, zone lines) in the desorption map, when present [66]. For
162 some experimental conditions, there may be variations of the ionic charge states due to the strong

163 <001> pole and associated zone lines, as seen in other crystalline materials [67]. However, since all tips

164  were fabricated from a single crystal and are the same crystallographic orientation, any zone- or
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crystallography-related artifacts are radially symmetric and would contribute the same to all data. We
assume that the CSF is positively correlated with the nanoscale field [68] (e.g. these materials
qualitatively obey the theory of post-field ionization [69]), and so we refer to the nanoscale field

specifically as the “average nanoscale field” to emphasize that it is a spatial average.

The CSF was used rather than the charge state ratio (CSR; defined as Mg**/Mg*) as it does not suffer from
the divide by zero issue that arises for high CSRs. Using the CSR instead of the CSF lead to large variation
in the calculated CSF or even an undefined number depending on exactly how the peaks were ranged

and how the background was subtracted.

Due to the various factors involved in creation of the EUV light and the nature of high harmonic
generation in a gas-filled capillary (e.g. the harmonic character of the spectrum can vary day to day [70],
as well as factors related to long-term pump laser diode stability, steering and focusing the beam, and
the photodiode response, we estimate the error associated with the reported EUV laser pulse energy (%
T) is roughly between 20 % to 30 %. This is based on our characterization and tracking over time. This
does not affect the main results and interpretation presented here as the results are presented on a log

scale with four orders of magnitude variation in laser pulse energy.

Statistical (Type A) uncertainty for the composition and CSF calculations is on the order of a tenth of a

percent or less and does not affect the results or the conclusions presented from the data. We believe a
more significant contribution to the uncertainty in the measurement is the various sources of error that
contribute to Type B uncertainty [71,72]. Type B uncertainty is the component of the overall uncertainty
arising from systematic effects. These components of uncertainty are not unique to insulators and apply

to all atom probe tomography measurements. These include for example the method of peak ranging
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(e.g. was the full-width tenth-maximum, full-width half-maximum, or a fixed range used), the method of
background subtraction (e.g. was the global time of flight or a local-range assist method in m/z space
used), and any additional error associated with using isotopic abundances as the basis for the
Deconvolution of Peaks algorithm within CAMECA IVAS [73,74]. We estimate Type B uncertainty to be on

the order of +/- 1 %.

3. Results
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Figure 1: Raw mass spectra (not background corrected) binned at 0.01 m/z per bin and displayed on a
logarithmic scale ranging from 10° to 10° counts. Shown here are the highest and lowest laser pulse
energies examined for both NUV and EUV covering the range of pulse frequencies (25 kHz, 250 kHz) and
detection rates (1 % and 10 %) studied. The mass spectrum ion assignments are denoted along the top.
Note: the regions in gray are not the ranges used for compositional analysis; they are simply shown to
guide the eye as to the assigned ion type for each set of peaks. For Hy*, 1 < x < 3. This data is available at

https://data.nist.gov/od/id/mds2-4005.

Figure 1 shows representative mass spectra covering the range of experimental conditions tested here.
For space and clarity, only the mass spectra for the highest and lowest laser pulse energy for each
wavelength and each condition (pulse frequency and detection rate for NUV and detection rate for EUV)
are shown. The regions shaded in gray were not used for the calculation of composition; instead, they
are shown to guide the eye as to the assigned ion type for each set of peaks. The mass spectra are
comprised of the following peaks, which are not always present under all conditions: H*, H,>*, Hs*, Mg**,
MgH*, OF, Mg*, Mg,0**, Oy*, Mg0O*, MgO0,", and Ga*. The Ga concentration for the datasets ranged from
undetected to 0.39 at. %. Of the 23 datasets used in this paper, 20 had Ga concentrations less than 0.1
at. %. Multiple hit events for these samples range from 27 % to 73 %. Multiple hit percentages are higher
for the EUV data compared to the NUV data. Also, in general, multiple hit events are higher for lower
laser pulse energies and higher detection rates. As expected, they are related to the average nanoscale
field. A table containing the measured Ga concentration and the multiple hit percentage can be found in
the Supplementary Information. There are what appear to be very small (< 10 counts) Si-related peaks in
the mass spectrum for some of the datasets. These likely come from parasitic spires on the Si NanoMesh

grid. These were not included in the calculation of oxygen concentration.
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Figure 2: (a) Mg** charge state fraction as a function of NUV laser pulse energy. (b) Measured oxygen
concentration as a function of NUV laser pulse energy. (c) Mg** charge state fraction as a function of EUV
% transmission. (d) Measured oxygen concentration as a function of EUV % transmission. For both data
sets, the average Mg*™ charge state fraction is monotonic and non-linear with the laser pulse energy (or

% T). In (b,d) the expected stoichiometry is indicated.

The Mg** CSF and the apparent oxygen concentration as a function of laser pulse energy or % T are
reported for both NUV and EUV wavelengths in Figure 2. For both data sets, the average Mg** CSF is
monotonic and non-linear with the laser pulse energy with the Mg*™* CSF increasing as the laser pulse

energy is decreased. This makes intuitive sense in a constant detection rate laser pulse experiment if one
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assumes that the CSF is correlated with the average nanoscale field, as proposed by Kingham [69]. Any
potential increases in radius that occur as a specimen is field evaporated will increase the field of view
thus decreasing both the overall flux per unit area of the tip and the average nanoscale field over time.
However, these overall field decreases are far outweighed by the surface field changes necessary to

maintain a constant evaporation rate because of the order of magnitude changes in laser pulse energy

and therefore evaporation temperature [4,75].

For a given laser pulse energy, the Mg*™* CSF increases as the detection rate is increased from 1 % to 10 %
as the specimen necessarily experiences a higher average surface electric field at a higher detection rate.
This suggests, again, that the Mg** CSF is well correlated with the average surface electric field in these
experiments. Finally, for NUV laser pulsing, the laser pulse frequency does not appear to have a clear,

strong effect on the observed Mg** CSF.

The apparent oxygen concentration measured here varies as a function of laser pulse energy for both
EUV and NUV experiments. In general, except for the NUV data collected at 100 pJ (regardless of the
pulse frequency or the detection rate), the oxygen concentration increases with decreasing laser pulse
energy and increasing Mg** CSF (average nanoscale field). This observation is consistent with other
reports in the literature that measured the oxygen concentration as a function of the laser pulse energy
[49] or the Mg** CSR [1]. However, unlike in those studies, we report measured oxygen concentrations
that reach the expected 50 % value and, in some cases of high average nanoscale field, exceed that value
while ranging the peak at 16 m/z as O* as suggested by previous 20 isotope labeling studies in other

oxides [22,28].
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4. Discussion

For both the NUV and EUV data, the peak splitting of the Mg" ions in this study presented a unique
challenge for mass spectrum calibration and ranging. In all the NUV data collected (Figure 3), the Mg*
ions showed peak splitting where the magnitude of the relative sizes of the split peaks varied
proportionally with the laser pulse energy. For consistency, the 2*Mg* peak with the highest single hit
count was used for mass calibration of the Mg" ions. For the NUV data, this highest single count peak
was always also the higher m/z peak of the two. The result is that the NUV data consistently shows Mg*
pre-peaks throughout the five orders of magnitude range of laser pulse energies studied here. Since the
relative height of the lower m/z peak increases as the laser pulse energy is increased, this scheme leads
to the consistent presence of a 2*Mg* peak in all the NUV data. If the lower m/z peak had been used as
24Mg* to calibrate the data, then the prominent sharp “tail”, offset by ~ +0.1 m/z, would eventually
overtake the height of the actual peak at 24 m/z. Notably, all of the other peaks present in the mass
spectrum showed a sharp onset, did not show signs peak splitting, and did not present a challenge for

mass spectrum calibration nor ranging.

In ranging this NUV data with such prominent peak splitting present, the Mg concentration would be
slightly underestimated when using the default 0.3 m/z range in the IVAS Decomposition of Peaks tool
for several reasons. First, when using the default range scheme, the automatic “local range assist”
background subtraction method for this peak is not accurate as it considers the pre-peak as a part of the
local background when performing the calculation and setting the local background level. This
underestimates the amount of Mg* as a result. Second, in using the default ranges, the significant pre-
peak would nearly always be excluded, even though in some cases the counts are nearly equal to or

higher than the counts in the higher m/z peak. In short, the default ranging scheme ignores the pre-
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peak, causes errors in the background subtraction algorithm, and thus artificially undercounts the Mg

concentration.

Ranging the Mg* peaks manually as previously described ensures that Mg is not systematically

undercounted and also ensures that the background subtraction is accurate and the oxygen-rich Mg

concentrations measured in this study are reasonable. The Mg*™* peak is always the highest peak in the

overall mass spectrum. In any case, the counts in the Mg* peak are relatively low even for high laser

pulse energies/small CSFs, and so changing the ranging of the Mg* ions does not change the overall

measured composition notably. If the Mg* peaks were ranged using the default method, the measured

composition was found to vary by less than 0.1 % for the highest laser pulse energies.
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Figure 3: (a) Unbinned, uncorrected 250 kHz NUV mass spectra near 24 m/z (Mg*) showing total counts,

single hit counts, and multiple hit counts. In the NUV data, the relative height of the apparent pre-peak
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increases with increasing laser pulse energy and at 100 pJ the peak heights are nearly identical. (b) Mass
spectrum near 24 m/z for the 10 pJ dataset showing the result of the default Decomposition of Peaks
ranging scheme (-0.1 m/z, + 0.2 m/z) compared to the manual ranging scheme described above. The
default ranging scheme ignores the pre-peak, causes errors in the background subtraction algorithm, and

thus artificially undercounts the Mg concentration.

The EUV data for the Mg* ions (Figure 4) also showed complex behavior as a function of laser pulse
energy. Mass calibration was performed similarly to the NUV data, e.g. the peak with the highest single
hit counts (in contrast to the NUV data, for EUV is always the lower m/z peak) was used for the *Mg* ion
in mass calibration. For EUV ranging, again, using the default 0.3 m/z range in the Decomposition of
Peaks code in IVAS would result in undercounting the Mg due to the large, prominent bimodal tail. These
peaks were also ranged manually in the same way as the NUV, often resulting in ranges > 0.3 m/z. We

believe that this method more accurately represents the Mg counts measured in these experiments.
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Figure 4: (a) Unbinned, uncorrected EUV mass spectra near 24 m/z (Mg*) showing total counts, single hit
counts, and multiple hit counts. In the EUV data, the relative height of the post-peak increases with
decreasing laser pulse energy and at 0.05 % T the peak heights are nearly identical. (b) Mass spectrum
near 24 m/z for the 0.5 % T dataset showing the result of the default Decomposition of Peaks ranging
scheme (-0.1 m/z, + 0.2 m/z) compared to the manual ranging scheme described above. The default

ranging scheme ignores the significant post peak(s).

One possible source of peak splitting in APT mass spectra is an incomplete voltage and bowl correction.
However, when this occurs, it applies to all peaks similarly. Since there are also peaks in the mass spectra
that have a sharp onset and do not show splitting (e.g. O*, 0,*/Mg,0**, MgQO*, etc.), we do not believe

this observation is a result of a bad voltage/bowl correction. Another possible source of peak splitting is
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an electrostatically induced systematic energy deficit [76]. Such deficits have been observed previously in
insulating materials; however, a correction was applied to the data here and it did not improve the mass
spectra. The peak splitting observed here also does not appear to be the results of a fast versus slow
cooling effect (so-called “bright side/darks side” effect) as had been observed in previous studies of MgO
and other oxides using green and NUV light [48,77]. This was verified as seen in Figure 5 by spatially sub-
ranging the detector relative to the direction of the incident laser illumination and observing the relative
position of the Mg* peaks. For the laser fluences used here, there was no observed shift in the position

of the Mg" peaks in the mass spectrum as a function of the position on the detector.

1000

— "Dark" Side
—— "Bright" (Laser) Side

Counts

1 T

T T T T
230 235 240 245 250 255 26.0 265 27.0
m/z

Figure 5: Uncorrected Mg* mass spectra for 100 pJ 250 kHz NUV data collected at 1 % DR and binned to
0.01 m/z per bin. The detector was spatially segmented as described in [77] and the resulting mass
spectra are plotted above. There is no shift in the Mg* peaks as a result of the spatial position on the
detector, implying that the peak splitting is not the result of slow cooling as had been observed
previously using a different type of instrument with a much larger (100 um) focused spot and 343 nm

light [48].
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Instead, we suppose the observed Mg* peak splitting may be attributed to complex ion dissociations e.g.
Mg,0* = Mg* + MgO*, MgO** > Mg* + O, or Mg0,;" = Mg* + 0,. Such dissociations are frequently
observed in APT of various materials including oxides, carbides, and nitrides [2,78—82] . In NUV pulsing
the Mg* pre-peaks (containing a high proportion of multiple hit counts) could be explained by the
dissociation MgO** = Mg* + O*. Since Mg* is the higher m/z daughter product of the dissociation, it
would appear at slightly lower m/z than expected (e.g. as a pre-peak) compared to if had it ionized and
desorbed directly [76,83]. Conversely, for EUV pulsing the dissociation of Mg,0™ - Mg* + MgO* leads to
the lighter daughter ion (Mg*) appearing at a higher m/z than expected (e.g. as a tail). This peak splitting
is a function of the laser wavelength only in as much as the laser wavelength and the associated details
of the evaporation process may lead to the formation and dissociation of different species of complex
ions. Of note, we have also collected data from the same MgO single crystal in a CAMECA Invizo 6000
straight flight path atom probe instrument equipped with a deep ultraviolet laser (A=257 nm; Ephoton=4.8
eV). That data was collected at similar conditions (e.g. 1 pJ, 50 kHz, and 1 % DR) and we observed
splitting of the Mg* peaks (see Supplementary Information). Collecting data from the same specimen on
three different straight flight path atom probe instruments all with relatively small spot sizes (= 2 um —3
pum for the commercial instruments and =12 pm for the EUV instrument) demonstrate that it is not an

instrument issue.

The idea that the Mg* peaks are split due to dissociation-related energy deficits is supported by some ab
initio calculations as well as density functional theory calculations on MgO clusters that show that Mg
should primarily evaporate directly into the Mg*™* charge state [57,58,61,84]. This supports the idea that
Mg* detected in the mass spectra observed here may come at least partially from complex ion
dissociation. There are faint dissociation tracks in correlation histograms (see Supplementary

Information) for both data sets corresponding to these dissociation pathways, but due to the relatively
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low number of total counts in each mass spectrum, there was no further attempt at quantification. The
lack of clear dissociation tracks does not negate the possibility that complex ion dissociations contribute
to the peak splitting observed here. Complex or ultrafast dissociations (e.g. a 3-body dissociation or
homolytic dissociation) can be difficult to detect and interpret in a correlation histogram even without
sparse data. Note that peak splitting of this nature would not be observed in an instrument equipped
with a reflectron energy compensating lens, and this may explain why such peak splitting was not noted

in previous studies of single crystal MgO [49,50].

As seen in Figure 3 for the NUV data, the multiple hit count for the Mg" peaks were always higher than
the single hit counts for every laser pulse energy tested. In contrast, Figure 4 demonstrates that for the
EUV data the single hit count was large for high % T (high “laser pulse energy”, corresponding to lower
average nanoscale fields) and decreased relative to the number of multiple counts as the % T decreased.
At the lowest % T (highest average nanoscale field), the total Mg* counts were very low and there were

virtually no single hits.

A calibration curve (Figure 6) can be created for MgO by combining the data in Figure 2. All the data,
independent of the laser wavelength, pulse frequency, and detection rate, follows a curve - except for
the 100 pJ NUV experiments - and can prescriptively provide the Mg** CSF required to achieve a
stoichiometric measurement in this material. This points to the importance of the apex electrostatics
and the importance of the average surface electric field in determining the oxygen stoichiometry in this
strongly insulating, ionic material, at least at moderate laser pulse energies (defined here as 10 pJ and

below, for NUV pulsing).
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Figure 6: Oxygen concentration as a function of the Mg** CSF (a proxy for the average nanoscale field).
The horizontal line at 50 at. % indicates the expected stoichiometric oxygen concentration. Except for the
100 pJ NUV data (circled), the rest of the data forms a “calibration curve” and demonstrates that higher
Mg*™* CSFs yield higher measured oxygen concentrations. This curve also demonstrates that regardless of
the laser wavelength, oxygen concentrations of greater than 50 % can be observed at high average

nanoscale fields as the Mg** CSF approaches 1.0.

In attempt to further understand the unexpectedly low oxygen concentration measured at 100 pJ (given
that the Mg** CSF curve in Fig. 2a is monotonic and decreasing as expected for a constant evaporation
rate experiment), the O* ionic fraction (IF) defined as O*/(O* + O,*) was calculated. This serves as a
second, independent indicator of the relative magnitude of the nanoscale surface field. In fact, in some
transition metal oxides, O/0, ratios have been shown to be a better, more reliable indicator of the
surface electric field conditions compared to metal cation ratios [19-21]. However, as shown in Figure 7
the O* IF also shows a strong correlation with laser pulse energy that is nearly linear on a semi-log plot.
This indicates that the nanoscale surface field present at 100 pJ trends as expected. At 100 pJ, MgO

+

appears to have an artificially “high” apparent measured oxygen concentration given the observed Mg

CSF. It is the measured oxygen concentration that is the anomaly, not the average nanoscale field. This



400  was consistent and repeatable in our experiments. To further verify the data collected at 100 pJ is not a
401 discontinuous outlier, additional measurements were made for NUV pulsing at 250 kHz and 1 % DR at 25
402 pJ, 50 pJ, and 75 pJ (see Supplementary Information). The curve of laser pulse energy versus oxygen

403 concentration for NUV pulsing is continuous, thus demonstrating that the 100 pJ data is real and not an
404  outlier or an issue with the laser (e.g. a bad spot on the neutral density filter). Finally, 2D detector maps
405  of the Mg* and Mg** ion concentrations (see Supplementary Information) verify that the specimens show
406  the same crystal pole in the same location as well as display radial symmetry even at the highest NUV
407 laser pulse energies. This means that the spatial average CSF calculated using the entire ROl is a valid

408 assumption, even at 100 pJ.
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410  Figure 7: O* ionic fraction, defined as O*/(0O* + O,*), as a function of NUV laser pulse energy.

411

412 Since this anomaly is only observed at the highest NUV laser pulse energies tested here, it may be

413 attributed to non-linear absorption or strong multiphoton effects. High NUV laser pulse energies may
414  also influence the formation and desorption of certain ion species compared to other ions. For example,
415 at the highest EUV laser pulse energies, we observe the formation of the MgO,* ion. This ion may

416  dissociate to Mg* + O,, leading to a loss of oxygen through neutral formation. This ion, and therefore

417 potential channel for loss of oxygen, is not observed in the NUV data since this ion is not formed. Thus,



418 at high NUV laser pulse energies more ionic oxygen may be detected. The high NUV laser pulse energy
419 may also lead to scenarios where co-evaporation, multiple hits, and/or significant detector deadtime
420 lead to the undercounting of Mg species, as has been described previously for other materials [2,73].
421

422  This high laser pulse energy effect — apparently unrelated to the average surface electric field - has not
423 been previously reported in the two other studies of MgO that measured the composition as a function
424  of the laser pulse energy or CSR using NUV laser pulse instruments. This is expected for the LaWaTAP
425 instrument [1] as the maximum fluence achievable on that tool is orders of magnitude less than that of
426  the commercial NUV LEAP operating at 100 pJ. The other study with 100 pJ NUV laser pulsing [49] used a
427 LEAP 4000X-HR equipped with an energy-compensating reflectron lens. Reflectron-equipped LEAP

428 instruments have an entirely different electrostatic flight path compared to straight flight path

429 instruments (field free flight path versus a biased drift tube with a negative bias on the multi-channel
430 plate detector) as well as a different field of view [79]. The detection of dissociation events and peak
431 splitting would all be different in these two instruments. If ions dissociate differently in the field-free
432  flight path versus the biased flight path, and/or certain dissociation products are not detected, this can
433 lead to differences in the measured oxygen concentration. Other possibilities are subtle differences in
434  the specimens themselves such as the extent of Ga® implantation and or lattice damage, impurities,
435 specimen shape, or possibly also differences in the electrostatics that come from using a microtip

436  coupon array versus a TEM half-grid with a very high aspect ratio.

437

438 5. Summary and Conclusions

439 MgO qualitatively obeys the Kingham theory of post-field ionization in that higher average nanoscale
440 fields yield higher Mg** CSFs. This material exhibits strong compositional bias under both EUV and NUV

441 laser pulsing. We have demonstrated that it is possible to achieve stoichiometric and even oxygen-rich
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measurements of MgO under condition of high average nanoscale fields without ranging the peak at 16
m/z as O,™ and irrespective of laser wavelength. Anion-rich measurements have been shown previously
in other materials (e.g. GaN, AIN, CdTe)[1-3,6,7], but as far as we are aware, none have been reported in
MgO. To optimize (achieve a stoichiometric measurement) laser-pulsed APT measurements in MgO,
either a NUV or EUV laser can be used provided the experimental conditions allow for a relatively high
average nanoscale field (e.g. Mg*™ CSFs approaching 1.0). In any case, due to the possibility of oxygen-
rich experimental conditions at very high average nanoscale fields, calibration curves should always be
created to quantify the compositional bias under the details of the exact experimental conditions
employed (e.g. laser wavelength, tip shape, specimen carrier mount, instrument electrostatics, base
temperature, vacuum conditions, etc.). Using high laser pulse energies in the NUV should be avoided due

to the non-monotonic nature of the NUV material response.

The laser-assisted field evaporation of MgO is a complex process involving many competing factors, and
the experimental mass spectra shown here are proof of that. The dominant factor in determining the
measured composition of this material by APT is the average nanoscale field as evidenced by the fact
that the CSF vs oxygen concentration data fall along a single curve (except for 100 pJ NUV) for the
experimental parameters (including EUV and NUV) explored here. Higher average surface electric fields
generally lead to higher apparent measured oxygen concentrations. However, our results show that
there are other complex factors at play and care must be taken especially when experiments are
performed at high laser fluence. The NUV data collected at 25 kHz underline the complexity of the
situation. For a given NUV laser pulse energy, the data collected at 25 kHz pulse frequency generally
show (1) lower measured oxygen concentrations and (2) lower O* IFs compared to 250 kHz pulsing. This
implies that while field is the primary determinant factor, there may also be a kinetic component that

requires further exploration. It also brings up an interesting question: what would the EUV data look like
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if we could pulse at 250 kHz? Would we see a similar increase in the measured oxygen concentration?
How might that change the calibration curve of oxygen concentration as a function of Mg** CSF in Figure

6?

Another interesting point to consider is whether the same results would be obtained for different
crystallographic orientations of MgO. The work functions of the {100}, {110} and {111} surfaces vary by
up to 17 % [85] and even more interesting, the {111} surface is polar [86]. Bulk terminations have an
infinite macroscopic dipole moment due to the presence of uncompensated Mg* or O " charge on
individual layers. A consequence is that polar surfaces in ionic materials, including MgO, must always be
charge compensated, e.g. reconstructed [87]. Given that the local bonding neighborhood and
coordination at the surface selvedge would differ from that of the bulk, this may affect field evaporation
in an interesting way that could be studied using NUV and EUV pulsing.

|ll

Finally, the existence of an apparent “universal” oxygen concentration calibration curve for both NUV
and EUV laser pulsing is interesting. For subgap radiation, it may support the ideas that absorption in this
material can occur through the closing of the bulk bandgap, photo-excited holes accumulating at the
specimen apex, and/or corner or edge site atoms having a significantly reduced band gap
[46,57,58,60,88,89]. Once a photon is absorbed, however, it appears the subsequent field evaporation
(or ionization and desorption) occur via a similar pathway regardless of the incident laser wavelength.
There are small differences in the mass spectra between the NUV and EUV experiments, but the overall
trends are remarkably similar considering the > 10 X difference in photon energy. For example, the mass
spectra for 0.005 % T and 0.01 pJ at 10 % DR, having nearly identical CSFs and oxygen concentrations, are

nearly indistinguishable from each other. It may be that for materials like MgO that have a sub-gap

absorption pathway, photon energies above the optical bandgap may confer no additional benefit.
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Crystalline MgO is a strongly ionic compound with well-defined charged edge and corner sites. This may
explain the differences with our previous experimental observations on amorphous SiO; and Al,O3
[26,39,90]. Indeed, a study comparing energy deficits in MgO and SiO, showed that these two materials

behave very differently in pulsed laser APT [91].
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Supplementary Material

Mass spectral data is available at https://data.nist.gov/od/id/mds2-4005.

Supplementary Table 1: Measured Ga+ concentration and percent multiple hits for each of the

experiments in this study.

Laser Pulse Energy Pulse Frequency Detection Rate Ga Concentration Multiple Hits
(pJ) (kHz) (%) (at. %) (%)
100 25 1 not detected 27
100 250 1 0.08 33
100 250 10 0.05 40
10 25 1 0.01 34
10 250 0.01 34
10 250 10 0.01 44
NUV 25 0.02 37
250 0.01 38
250 10 not detected 54
0.1 25 notdetected 39
0.1 250 0.01 48
0.1 250 10 0.01 64
0.01 25 0.04 51
0.01 250 0.03 60
0.01 250 10 0.19 71
Percent Transmission Pulse Frequency Detection Rate Ga Concentration Multiple Hits
(%) (kHz) (%) (at. %) (%)
0.005 25 1 0.06 59
0.005 25 10 0.01 73
0.05 25 1 0.06 51
EUV 0.05 25 10 0.06 73
0.5 25 1 0.15 45
0.5 25 10 not detected 66
5 25 1 0.39 59
5 25 10 0.01 73
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Supplementary Table 2: Oxygen concentration calculated using two different local range assisted

background subtraction methods (power law and constant) and also calculated using no background

subtraction (only the global time-of-flight background was applied).
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Oxygen Concentration Using Three Different Background Subtraction Methods
Pulse Power Law Constant
Pulse Energy |Detection Rate| Frequency Background Background |No Background
(pJ) (%) (kHz) (at. %) (at. %) (at. %)
NUV 100 1 250 49 59 37
NUV 0.01 1 250 52 48 43
Percent Pulse Power Law Constant
Transmission | Detection Rate| Frequency Background Background |No Background
(%) (%) (kHz) (at. %) (at. %) (at. %)
EUV 5 1 25 38 44 35
EUV 0.005 1 25 50 53 43
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Supplementary Figure 1: Correlation histograms for NUV laser pulsing. (Left) 100 pJ, 250 kHz, 1 % DR.
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Supplementary Figure 2: Correlation histograms for EUV laser pulsing. (Left) 5 % T, 25 kHz, 1 % DR.

(Right) 0.005 % T, 25 kHz, 1 % DR.
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Supplementary Figure 3: NUV data collected at 250 kHz, 1 % DR showing additional points at 25 pJ, 50

pJ, and 75 pJ as further proof that the data collected at 100 pJ is real and forms a continuous curve.
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Supplementary Figure 4: Detector space maps showing spatial distribution of Mg+ and Mg++ ions for

the highest and lowest NUV pulsing conditions. Each individual detector map measures 80 mm square.
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Supplementary Figure 5: Mass spectra binned to 0.01 m/z per bin from the same MgO single
crystal as the study here. This data was collected on a commercial CAMECA Invizo 6000 straight
flight path atom probe instrument equipped with a deep ultraviolet ((A=257 nm; Epnoton=4.8 €V) laser.
Data was collected at 1 pJ, 50 kHz, and 1 % DR. The Mg** peaks are split, as also observed in the NUV and

EUV.



