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Abstract

The effects of laser wavelength (355 nm and 532 nm) and laser pulse energy on the quantitative
analysis of LiFePO, by atom probe tomography are considered. A systematic investigation of
ultraviolet (UV, 355 nm) and green (532 nm) laser assisted field evaporation has revealed

distinctly different behaviors. With the use of a UV laser, the major issue was identified as the
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preferential loss of oxygen (up to 10 at. %) while other elements (Li, Fe and P) were observed to
be close to nominal ratios. Lowering the laser energy per pulse to 1 pJ/pulse from 50 pJ/pulse
increased the observed oxygen concentration to nearer its correct stoichiometry, which was also
well correlated with systematically higher concentrations of *°0," ions. Green laser assisted field
evaporation led to the selective loss of Li (~33% deficiency) and a relatively minor O deficiency.
The loss of Li is likely a result of selective dc evaporation of Li between or after laser pulses.
Comparison of the UV and green laser data suggests that the green wavelength energy was
absorbed less efficiently than the UV wavelength because of differences in absorption at 355 and
532 nm for LiFePQ,. Plotting of multihit events on Saxey plots also revealed a strong neutral O,
loss from molecular dissociation, but quantification of this loss was insufficient to account for

the observed oxygen deficiency.
Keywords: atom probe tomography, LiFePO,, oxides, stoichiometry, molecular dissociation

Highlights:
e Laser wavelength and pulse energy affect accuracy of APT analysis of LiFePO,.
e Oxygen deficiency observed for UV laser; stronger at higher laser energies.
o Selective loss of Li with green laser due to dc evaporation
e Saxey plots reveal prevalent formation of O, neutrals.

e Quantification of molecular dissociations cannot account for O deficiency



1. Introduction

Li-ion batteries play a major role in energy storage devices, and high energy density
battery cathode materials, such as LiFePO, (LFP), are critical to achieve improved safety and
performance. The mechanism of lithium intercalation in LFP at different length scales has been
an intense area of research [1-4]. The phase boundary chemistry and three-dimensional
morphology of the LFP/FP interface have yet to be visualized and understood with high spatial
resolution. Such visualization is necessary to understand the intercalation mechanism of LFP and
improve its performance. Atom probe tomography (APT) has matured as a useful technique for
three-dimensional analysis of compositional variations with sub-nanometer spatial resolution for
a wide-range of materials systems [5-10]. APT relies on field ionization of atoms from the apex
of a needle-shaped specimen, the physics of which is relatively well understood for metals using
a voltage-pulsed method. By comparison, thermally-assisted field evaporation of insulating
materials (e.g. oxide ceramics) with ultra-fast lasers is a much more recent development [11-14],
and a good understanding of the underlying physics and experimental uncertainty associated with
these measurements remains to be achieved. APT measurements of bulk oxide materials have
often found oxygen stoichiometries that are deficient relative to expected values [14-19], and the
origins of these non-stoichiometric measurements are uncertain and still debated. These studies
do, however, demonstrate the importance of further systematic studies to identify and understand
stoichiometric errors that may accompany laser-assisted APT examinations, especially for

complex oxide materials.



In this paper, we present systematic studies of the effects of laser wavelength and pulse
energy on the APT analysis of complex oxide systems that are relevant to Li-based battery
materials systems. For LiFePO,, the primary challenges are the strong P-O bonds (high
probability of complex P-O molecular complexes in the mass spectra), the relatively low
evaporation field for Li (~14 V/nm) and issues related to general oxygen loss in bulk oxides.
LFP was selected as a technologically-relevant lithium ion battery material as well.
Quantification of constituent elements in LFP, particularly lithium, is critical to the
understanding of phase transformations and phase boundary chemistry during
delithiation/lithiation reactions within LiFePO./FePO, systems. A fundamental understanding of
the phase transformation mechanism in LFP will guide the design of high energy and high power
lithium ion batteries which can be safely operated. The systematic studies presented herein
demonstrate the applicability and issues associated with APT of these Li-based oxide materials
systems, and more broadly, provide further insights into the field evaporation phenomena of

complex oxides during laser-assisted field evaporation.

2. Materials and methods

Needle-shaped APT specimens of LFP were fabricated by focused ion beam liftout and
were mounted onto commercial silicon flat-top micro-post arrays [20]. The LFP liftouts were
extracted from a single crystal grown by a flux growth method reported elsewhere [21]. All
specimens were analyzed in the [100] crystal orientation, although no crystallographic features
were apparent in the subsequent APT reconstructions. The tips were sharpened with a relatively

low ion-beam acceleration (5 kV Ga™ versus the more typical 30 kV Ga") using an annular



milling pattern or a bitmap image with gradient milling pattern. The low-kV ion beam was
critical to minimizing ion-beam damage in these very sensitive Li-based materials. Tips with
shank angles of about 30° — 35° reliably produced high-quality APT data sets while smaller
shank angles resulted in early fractures, particularly with green laser pulsing. The UV
wavelength (355 nm) laser assisted APT data were collected at Pacific Northwest National
Laboratory (LEAP 4000X HR) with a fixed specimen base temperature of 50 K, a laser
repetition rate of 160 or 200 kHz and a detection rate between 0.5% and 2.5% (0.005 and 0.025
detected ions / pulse). The UV laser energy most strongly influenced the measured elemental
concentration, and energy from 1 to 50 pJ/pulse was tested. The green wavelength (532 nm) laser
assisted APT data were collected at University of Alabama, Tuscaloosa (LEAP 3000X Si) with
specimen base temperatures of 40, 50 or 65 K, a laser repetition rate between 50 and 250 kHz
and a detection rate of either 0.5% or 1%. The smallest achievable laser energy with the green
laser system was limited to 200 pJ and hence the data was collected using 200 and 300 pJ/pulse
energies only. Note that the LEAP 4000X HR system utilizes in-vacuum optics that enables a
more focused laser spot at the specimen than the LEAP 3000X Si. To better compare results
from these two different laser systems, a baseline comparison is also presented using
commercially available presharpened Si microposts (Sb doped to <0.01 Q-cm resistivity). By
comparing the Si charge state ratio as a function of laser energy, it is shown that due to combined
differences in laser focus and absorption, the LEAP 3000X Si must utilize approximately 15X
the laser energy readout to achieve a comparable evaporation field for Si. The 3D APT
reconstructions and subsequent compositional analyses were performed using the IVAS software

package (version 3.6.6) from Cameca Instruments. When possible, the final tip radius was



measured by post-APT scanning electron microscopy to guide the scaling of APT

reconstructions.

3. Results

3.1. Baseline comparison of the LEAP 3000X Si and the LEAP 4000X HR lasers with Si

Presharpened Si microposts were systematically analyzed as a function of laser energy
with both APT systems to better understand how to compare the laser energy readouts. The
premise of this comparison is that the detected ratio of charge states is a result of the field-
dependent probability of post-ionization as described in detail by Kingham [22] and Haydock
and Kingham [23]. Early comparative studies of the green and UV laser systems in the LEAP
3000 and 4000 tomographs on Ni-base [24] and Fe-base [25] alloys demonstrated that the larger
laser spot size of the LEAP 3000 necessitates a laser energy readout ~3X that of the LEAP 4000
to achieve comparable charge state ratios in those materials. Importantly, the LEAP 4000 used in
those initial studies utilized first-generation in-vacuum optics and the LEAP 4000 used in the
current study has a smaller spot size still from further optimization of those optics, although
exact quantification of these differences has not been published. Data were collected from Si
microposts at a detection rate of 0.0055 ions/pulse on the LEAP 4000X HR and 0.008 ions/pulse
on the LEAP 3000X Si to compensate for differences in the detection efficiency of the two tools
(~37% and ~50%, respectively) and thus achieve a similar evaporation rate (~0.016 ions/pulse).
A single Si micropost was used for each data series and data were collected in both ascending

and descending laser energies to obviate any effects due to tip-radius evolution. The measured Si



charge states are plotted as a function of laser energy in Figure 1. As expected, lower laser
energies correspond to higher Si charge states and thus a higher evaporation field for both the
UV and green lasers. Both datasets exhibit the anticipated rapid transition from primarily Si** to
Si'* at a fairly well-defined laser energy and corresponding field strength of ~19 V/nm [22, 26].
For the LEAP 3000X Si this transition occurs at a laser energy of ~900 pJ/pulse and for the
LEAP 4000X HR at ~60 pJ/pulse, corresponding to an approximate factor of 15 difference. Note
that this difference reflects the combined effects of the laser focus (spot size), any possible
material-dependent differences in light absorption efficiency at different wavelengths, and other
tool parameters (e.g. local electrode differences) that cannot be independently separated in this
simple comparison. For the purposes of the discussions below we restrict the significance of this
baseline comparison to state simply that for materials that efficiently absorb green and UV
wavelengths of light, the differences in laser spot size necessitate a higher laser energy readout

from the LEAP 3000X Si than the LEAP 4000X HR to realize a similar evaporation field.

3.2. Mass spectra analysis of LiFePO,4

Typical mass spectra recorded with green and UV laser assisted field evaporation are
presented in Figure 2. Numerous peaks in both spectra correspond to POy type complex ions,
which are common for phosphate containing specimens [27], while Fe and Li appear
predominantly as elemental ions. Comparison of the mass spectra reveals striking differences.
Numerous complex ions observed with the UV laser spectrum (e.g. FePOs**, FePOs*, FePO,"
and P,Os") are not apparent in the green laser spectrum. A study on the effects of UV laser

energy on ceria found a strong correlation between higher laser energies and the prevalence of



large molecular species [28]. This might suggest that the increased prevalence of larger complex
ions in the UV laser mass spectrum indicates a higher effective laser energy than with the green
laser. It is important to note, however, that the direct effects of laser wavelength on molecular
ion evaporation have not been independently explored in sufficient detail to discount its
independent effects. Another major difference between the two spectra is the background level.
For the green laser spectrum, the background level at small mass-to-charge-state ratios (< 7 Da)
is substantially less than that of the UV spectrum. However, the background level above the "Li*
peak is substantially increased for the green spectrum and unchanged for the UV spectrum. This
may be explained as slower tip quenching with the green laser, which results in delayed
evaporation of Li from the residual elevated temperature. Slower quenching is to be expected for
the green laser data as a result of a larger heated volume of material from two primary factors:
the longer wavelength of the laser and thus larger interaction depth and also the larger laser spot

size using the LEAP 3000 focusing optics [29].

3.3. Compositional analysis of LiFePO, for green and UV laser pulsing

Figure 3 (a & c) shows lateral concentration profiles extracted across the tip axis (parallel
with the laser impact direction) of the entire reconstructed volume of two specimens using green
and UV laser pulsing, respectively, and Figure 3(b &d) depicts concentration depth profiles
along the analysis direction for the same datasets. A prominent gradient in elemental
concentrations is evident in the lateral concentration profile for the green laser dataset (Figure 3
a) that is relatively negligible in the UV laser data (Figure 3b). The strongest of these gradients is

a Li-deficiency / Fe-excess apparent at the edges of the green laser dataset. The symmetry of the



concentration variations about the tip axis suggests that the laser impact direction is not a
significant factor in these observations. The depth profiles depicted in Figure 3(b & d) reveal
slight composition variations near the specimen surface for both datasets. Although not plotted,
the Ga concentration nearest the edges of the green laser dataset was measured to be ~0.8 at.%
and <0.1 at.% at the central regions while Ga concentrations for the UV laser datasets peaked at
<0.1 at.% even at the reconstruction periphery. This suggests that ion-beam damage from the
FIB affected the measurements nearest the specimen surface in spite of utilizing low energy
preparation conditions. This observed difference between the two datasets could result from a
larger field of view for the straight-flight green laser data or inadvertent differences in sample
preparation methods. Alternatively, the lateral composition variations could originate from
element-specific field evaporation differences that are more pronounced under green laser
evaporation conditions. Recent work by Greiwe et al. [30] has suggested that Li may redistribute
within a dielectric APT specimen during analysis due field-driven ion migration, although it is
not clear if this effect (observed in a thin film oxide on a metallic substrate) would also occur
during the analysis of a bulk oxide. For the purposes of the analyses below, all datasets were
cropped to the central ~40 nm diameter to minimize these edge concentration irregularities and
the first ~10 nm in depth of the reconstructions were excluded from analysis. The measured Ga

concentration within all of the following analyses was <0.1 at.% and typically <0.02 at.%.

The averaged composition measured by APT for all analysis parameters on numerous
specimens (8 with green laser and 4 with UV laser) is summarized in Table I. The experimental

measurements and expected nominal values are shown in both overall at.% and also as a ratio



normalized to the sum of Fe+P. In general the APT measurements made with the green laser
exhibit a significant Li deficiency (~4.5 at.% deficiency) and a concomitant Fe excess (~4.5 at.%
excess), while the normalized P and O concentrations were close to the expected stoichiometric
concentrations. In the UV laser data, the Li and Fe concentrations are in excess (~3 at.% and ~6
at.% excess, respectively), O exhibits a strong deficiency (~9 at.% deficiency), and there is a
slight deficiency of P. Note that the nominal Li/Fe ratio of this LFP single crystal was
established by inductively coupled plasma — optical emission spectroscopy (ICP-OES) analysis
to be 0.95, while single crystal diffraction studies on a large number of crystals prepared under
similar manner found a minimum Li/Fe ratio of 0.97 [21]. This indicates that the apparent Li
deficiency in the green laser APT data is an artifact. Since Li and O exhibit the largest
differences between the UV and green laser data, a more reliable comparison of green versus UV
laser datasets can be made by normalizing to the sum of the Fe + P concentrations for both sets
of data. This renormalization reveals that the measured concentrations of Fe and P are similar for
both laser wavelengths and that the only significant differences exist for the Li and O
concentrations. In both cases, there is a slight excess of Fe and deficiency of P at similar levels.
For the UV laser, the Li ratio is close to its nominal value, while for the green laser, the
renormalization suggests a slight O deficiency exists despite the higher-than stoichiometric
measured O concentration. This is a result of the large Li deficiency in the green laser dataset
that skews upwards the measured O concentration: an artifact that was removed by
renormalization to the sum of Fe+P. Note, however, that this renormalization is imperfect as it
implicitly assumes that the measured concentrations of Fe and P are equally accurate for all

experimental parameters and as such should be considered a relative improvement.
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3.4. Effect of laser energy on the measured composition of LiFePO,

Measurements of elemental concentrations (normalized to Fe+P) as a function of laser
pulse energy are plotted in Figure 4. The UV laser data series was extracted from a single tip
analyzed at various energies and the indicated error is 26 of the counting error while the green
laser data represents an average of 3 specimens each for 200 and 300 pJ/pulse and the indicated
error is one standard deviation amongst those measurements. The UV laser data shows a clear
trend of lower O with increasing laser energy and relatively small variations in the Fe, P and Li
ratios. A slight decrease in Li at the lowest laser energy (1 pJ/pulse) is also apparent, but the
overall trend across all laser energies is relatively weak. Conversely, the green laser data exhibit
lower Li and higher O at higher energies, although there is significant scatter as indicated by the
relatively large error bars. When the green and UV laser data are compared directly, the green
laser data consistently exhibit higher concentrations of O and lower concentrations of Li than the

UV laser data.

The detected concentrations of major ionic species are plotted in Figure 5 for various
laser energies. The green laser data again represent the average of three specimens each for 200
pJ/pulse and 300 pJ/pulse (indicated error is the standard deviation of the three measurements)
while the UV laser data are from the analysis of a single specimen and the indicated error is 20
of the counting error from an average of 1.6 million ions per datapoint. The *°O," ion
concentration at 32 Da is most strongly correlated with the UV laser energy while PO;"™ and PO,
ions also contributed to a higher oxygen concentration at lower laser energies. The measured

concentration of *°0," ions increased as the laser power decreased from 50 pJ to 1 pJ from 12.5
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ion% to 16.8 ion%. The apparent trends with laser energy for the green laser are not consistent
with the observations of the UV laser series. Datasets with higher laser energy exhibited higher
concentrations of *°0," and lower concentrations of Li, consistent with the overall composition
measurements for the green laser presented in Figure 4. Comparing the detected ionic species
between the green and UV laser reveals significant differences. While the detected
concentrations of Fe and the POy-type peaks are quite similar for the two lasers, the green laser
data contained much higher percentages of elemental O" and O," species and much lower
percentages of Li*. The concentration of PO,™ is, however, also higher for the green laser than
the UV. Overall it appears that the higher concentrations of O* and O," species with green laser
pulsing give rise to its improved oxygen stoichiometry. It is also interesting that the ratio of
0":0," is much higher for the green laser data than the UV, which is in good agreement with

similar observations of Bachhav et al. on Fe oxides at different laser wavelengths [18].

3.5. Molecular dissociation behavior and quantification

Correlation plots shown in Figure 6 (so-called Saxey plots [31]) were constructed of
multihit ion pairs to investigate other evidence for unique evaporation behavior in LiFePO,.
These plots were constructed from evaporation events consisting of exactly two detected ions in
a single pulse (i.e. excluding events of only one ion and three or more ion pairs). This was done
to maximize the signal-to-noise ratio which can be decreased by plotting higher-order
evaporation events. Numerous molecular ion dissociation tracks are apparent, indicating the
prominent evaporation of unstable molecules that dissociate into more stable species during post-

ionization acceleration [32]. The tracks labeled 1-5 correspond to the following pathways:
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(1) #P¥0,* - “P¥O"+*0*

(2a) 31P16032+ N 31P1602++160+

(2b) #P0,* - *P*O"+0,’

(3) *P*0,* - #P*0, +*0,’

(4) PO, - ¥P*0, +¥P*0,’
(5) "P*0," - “P®0," +°0, (= Da)

Traces for each dissociation pathway (red lines) were calculated after Saxey [31] as:

-1 -1
ml':m{l—ﬂ(l—%ﬂ and mz':m{l—?/—v(l—ﬂﬂ where m,, my, and m, are the

VO p 0 m p

mass-to-charge-state ratios of the parent molecule and two daughter molecules, respectively, and
m;" and m,’ are the energy deficient mass-to-charge-state ratios of the two daughter molecules.
Furthermore V, is the applied voltage and AV is the reduction in voltage (electric field) at the
point in space where the parent molecule dissociated into the two daughter molecules. Tracks 1
4 represent typical dissociation pathways commonly observed in oxide-based and Il1I-V

semiconductor systems in which a parent molecule dissociates into a pair of more stable species
(e.9. %P0, — *P*O*+°0"). Intriguingly, track 4 is also observed in the mulithit plot for the

data obtained with a UV laser and a reflectron lens. The reflectron lens data is compared directly
to the straight flight data around track 4 in Figure 6 (c). Typically the reflectron lens
compensates for the energy deficits that originate from molecular dissociation near the tip apex,
resulting in significantly shorter tracks that do not extend continuously from parent to daughter.
Dissociation tracks that extend completely from the parent to the daughter species require a

broad range of energy deficits caused by an electric field gradient. This suggests that the
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molecular dissociations apparent in the UV laser data occurred within the post-acceleration of

the reflectron lens, far from the tip apex.

Dissociation track 5 presents a number of interesting features. This track corresponds to

the  prominent formation of neutral O, by the following dissociation
reaction: *P*0," — *P*0,"+0,°. Relatively weak signals have been observed previously in

similar plots for GaN materials [31], but for LFP, this dissociation pathway is the strongest
observed dissociation and it indicates a propensity for the formation of an unstable PO,
molecule that can easily dissociate. It has been conjectured that neutral O loss from the tip apex
may be a key contributor to sub-stoichiometric O concentrations in APT experiments of
numerous oxide systems [16, 28, 33], but this hypothesis is difficult to prove since APT is
typically blind to the loss of neutral species from the tip. In this case, since the neutral O,
molecule forms after accelerating towards the detector as the parent PO, molecule, we are able
to definitively state that neutral O, formation can occur at least from the dissociation of complex

molecules.

As noted by Saxey [31], the identification and quantification of molecular dissociation
pathways provides a means to improve the quantification of APT measurements. Quantification
is accomplished by first replotting the correlated ion pairs as the minimum distance of each ion
pair from the calculated track trajectory versus AV/V, and then counting the number of ion pairs
within some specific distance of the track. This is shown schematically in Figure 7 for track 2b:
IPrO, — *PPO"+0,". In this case ions were summed when the distance from the track

was <0.15 Da, illustrated by a green overlay. lons located at AV/V, < 0.02 and AV/V, > 0.98 were
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excluded from this calculation since they were primarily unrelated to the dissociation track (i.e.
they originate from the co-evaporation of PO* and O," or two POs*'in this example). The
background was then estimated as the number of ions with minimum distances between 0.15 and
0.3 Da, highlighted in red, to account for general background and the intersection of the

dissociation track with other prominent but unrelated correlated evaporation tracks.

Closer examination of track 5 (Figure 8) after replotting as minimum distance versus
AVIVy reveals unexpected features that can be used to further refine our understanding of this
dissociation pathway. The minimum distance versus voltage drop is plotted about this track for
the initial identification of **P**0," — *P*0,"+%*0,°, with a minor modification to originate
from PO,H", which provided a better overall fit. From this plot it is immediately apparent that
what initially appeared to be a single dissociation track is in fact composed of two distinct
sections. A very good fit is obtained for the AV/V, range between 0.2 (corresponding to
maximum time-of-flight window for this voltage and flight path) and ~0.7 while a separate track
clearly dominates the behavior outside this range. The second segment of the track is associated
with a pair of finite ions (i.e. not a neutral molecule), although the exact solution for the
dissociation pathway is not obvious. If the parent molecule, clearly at 95 Da, is considered to be

P;01,>" rather than PO,*, a partial solution can be identified by its dissociation into three
components as:  *'P,*0,,” — *P,**0,"+*'P*0;" (+*°0,"). Fitting to the first two daughter
ions of this pathway gives a reasonable result (Figure 8b), but this solution neglects the final O,"

which should be detected as a third ion in this event. As shown in Figure 9, when correlation

plots are generated from events associated with three or more ions, this track nearly disappears
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while other dissociation pathways, such as track 2b, clearly persist albeit with a poorer signal to
noise ratio. At this point the exact nature of this second portion of this dissociation track and the
reason behind the disappearance of track 5 when imaging evaporation events with three or more

ions remain unclear and possibly in conflict with the identified best fit for this region.

Quantification of the effects of the identified molecular dissociation pathways are
presented in Table Il for a representative green laser, straight flight data set collected at 200
pJ/pulse. After background subtraction, slightly less than 70,000 new ions were successfully
ranged with this approach. We note that the P;01,>* dissociation pathway was excluded from this
quantification due to the uncertainty of its identification, which is significant since it potentially
accounts for approximately 50% of all the ions on dissociative pathways. Ultimately the ranged
molecular dissociation events account for only 1.6% of the total ranged ions in this dataset and
therefore had a very limited effect on the final oxide composition, increasing the measured

oxygen concentration by just 0.3 at.%.

4. Discussion:

Dramatic differences were observed in the measured composition of LFP by green laser
and UV laser-assisted field evaporation. Figure 4 demonstrates that the green laser data exhibits
a severe Li deficiency and relatively minor O deficiency while the UV laser data exhibits
nominal concentrations of Li but a stronger O deficiency. This artificial Li deficiency is a major
concern for the applicability of APT to lithium ion battery materials. Considering the remarkably

low evaporation field for Li (14 V/nm) compared to Fe (33 V/nm), the Li deficiency could
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originate from the selective dc evaporation of Li if the effective pulse fraction is smaller for the
green laser than the UV laser. This scenario is potentially consistent with the higher background
observed for the green laser mass spectrum in Figure 2, but comparison of the field evaporation
behavior of Si for the green and UV laser systems in Figure 1 suggests that 200-300 pJ/pulse on
the green laser should overlap with the 1-50 pJ/pulse range explored by the UV laser. This
comparison assumes, however, that 355 nm and 532 nm wavelengths are absorbed with similar
efficiencies, as is the case for Si but appears invalid for LiFePO,. Inspection of the literature
reveals that there is a significant difference in the diffuse reflectance, and therefore absorbance,
at 355 nm and 532 nm for bulk LiFePO, [34]. One possible explanation of the unexpected
differences in composition as a function of laser wavelength could be that the band gap of
LiFePO, (~ 3.9 eV [35]) is comparable to the photon energy of the UV laser (355 nm ~3.5 eV),
enabling reliable thermally-assisted field evaporation, but the band gap is substantially greater
than the photon energy of the green laser (532 nm ~2.33 eV). This may make it easier for the UV
laser to absorb into defect states at the specimen surface than the green laser, but this seems an
incomplete explanation since sub-band gap lasers have been used successfully previously for
many other oxide materials [16, 36-38]. As summarized in review articles by Kelly et al. [39]
and Silaeva et al. [40], under the influence of a large electric field, the band gap is depressed for
semiconducting and dielectric materials until effectively becoming metallic in nature. The
inability of the green laser to achieve a reasonable Li concentration is therefore still perplexing.
From an experimental standpoint, if the origin of the Li deficiency for the green laser results
from selective dc evaporation loss, exploring higher laser energies with the green laser should

improve the overall Li concentration. Although an apparent trend for smaller Li concentrations is
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apparent when the green laser energy was increased from 200 to 300 pJ/pulse, this represents a
very small energy range (factor of 1.5) and a much broader should be explored to establish more
reliable trends (e.g. factor of 50 in the presented UV laser data). Further investigations that also
incorporate sophisticated models of surface states and laser-tip interactions could further clarify
why LiFePO, exhibits the strong, wavelength-dependent differences in field evaporation

behavior.

APT analyses of many oxides have resulted in non-stoichiometric measurements [14-19],
and the origin of these errors is still an active topic of debate. Bachhav et al. [41], after Saxey
[31], suggested that quantification of the O loss due to molecular ion dissociation could partially
account for the observed O deficiency in Fe-base oxides. This quantification for LiFePO,, shown
in Table 2, has a positive but limited effect on the overall composition (improvement by ~0.3
at.% O) due to the small number of counts compared to the overall measurement (~1.6% of all
ranged events). It is therefore unlikely that molecular dissociation, at least by detected tracks, is a
dominant O loss mechanism for LiFePO,. Bachhav also suggested that detector pileup effects
could be the source of O deficiency. While pileup likely affects the overall composition to some
extent, this explanation seems incomplete for LiFePO, as the percentage of multihits, which is
correlated with detector pileup events, is not consistent with the measured trends in O
concentration. The distribution of multihit events is plotted for various laser conditions in Figure
10. Firstly, the green laser data exhibit higher percentages of multihit events than the UV laser
data and therefore should exhibit more detector pileup loss, but the green laser data results in a

higher O concentration (normalized to Fe+P) than does the UV laser data (see Figure 4).
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Secondly, increasing the UV laser energy decreases the percentage of multihits and
simultaneously decreases the overall O concentration. Therefore detector pileup seems to be an
unlikely source of O deficiency. It is also tempting to identify the 16 Da peak as *°0,*" to
improve the overall O concentration [18, 42], but recent studies involving loading of Fe- and Si-
oxides with *%0 have conclusively demonstrated that the 16 Da peak should be identified only as

10" [19, 41].

The measured O concentration varied strongly with both laser energy and wavelength.
The green laser datasets exhibited remarkably higher concentrations of elemental O and O,"
species (Figure 5), which largely accounts for the higher overall O concentration under those
analysis conditions. By contrast, the UV laser data contained smaller elemental O peaks and
increased concentrations of larger molecular species (e.g. FePO3%*) that were not observed in the
green laser mass spectra. Increased concentrations of O were found to be well-correlated with the
increased prevalence of O," species for the UV laser data as a function of laser energy. Together
this suggests that experimental conditions (laser wavelength and energy) favoring the

evaporation of elemental O ionic species is critical to achieving a better overall O stoichiometry.

The observed oxygen loss at higher UV laser energies for LFP is consistent with similar
studies on magnesia, ceria and waustite [16, 18, 28]. Devaraj et al. and Kirchhofer et al.
tentatively explained the increasing O deficiency with laser energy through the formation of
neutral oxygen molecules at a lower evaporation fields. They independently argued that
decreasing the UV laser energy increases the electric field on the tip (by increasing the standing

voltage to maintain the same evaporation rate) which increases the probability of ionization of
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any desorbed neutral molecules. This hypothesis is, however, unverifiable by APT as the loss of
neutral molecules cannot be directly detected. Diercks et al. [33] presented indirect evidence to
support this hypothesis in the case of nitride-based materials (neutral N, sublimation) through
interpretation of the background as a function of laser energy and further suggested that this
could be a general effect for species that readily form diatomic molecules. However, a debate
persists within the community about whether or not a neutral molecule could escape the high-
field region of the tip without undergoing ionization, similar to that of an imaging gas molecule
in field ion microscopy. The ionization of a neutral molecule is undeniably field dependent and
probabilistic [26], but further proof is needed through both experiments and modeling to quantify
this probability. Nonetheless, our data on LiFePO, are consistent with these previous
observations and the loss of neutral O may partially explain the apparent O deficiency. It is also
worth emphasizing again that neutral molecule formation has been clearly identified in the
molecular dissociation of PO4" (Figure 6), but this dissociation occurs far from the tip where
ionization of the neutral O, molecule can no longer occur. It is therefore still unclear whether or

not neutral O, could escape the tip without ionization.

Detailed quantification by integration over identified molecular dissociation pathways
within the Saxey plots did not significantly affect the overall composition of LiFePO,4. However,
the exercise of replotting the data as a function of minimum distance versus AV/V, provided a
useful avenue to evaluate the accuracy of the identified pathways and improve our understanding

of the mass spectra. For example, the molecular dissociation surrounding track 2b is very well

described by the conventional pathway of *P*0,* — *P*0O*+*0,", which is made apparent
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by the minimal variations along the integrated region in Figure 7. Conversely, replotting the
dissociations around track 5 in the same way revealed two distinct regions of the pathway, which
was not apparent in the conventional plot of m;’ and m,". Intriguingly, the current best-fit for one
of these sub-paths suggests that the parent molecule, initially identified as PO,4, could in fact be
the much larger P301,%" with the same mass-to-charge-state ratio. Since neither P nor O contain
significant concentrations of a second isotope, it is impossible to evaluate fully this possibility,
but it suggests that the POx-type peaks throughout the mass spectra could contain a significant
fraction of these larger molecular species. This possibility could partially account for both the
observed P and O deficiencies shown in Figure 4. The analysis of LiFePO, with a significant
fraction of the 80 isotope could clarify this question in future experiments. The molecular
dissociations around track 5 are also unique in that they appear primarily within two-ion
detection events and not higher-order detection events. This suggests that this pathway originates
almost exclusively from so-called “golden” events in which a single ion, and only one ion,
evaporates and subsequently dissociates into two detected ions. The physical reason behind this
observation remains uncertain, but it shows that researchers studying molecular dissociation in
APT data should be vigilant of possible differences in behavior between single, double and

higher-order detector events.

5. Conclusions

The systematic study of laser assisted APT for LiFePO,4 provides many insights into the
potential and problems associated with APT analyses of lithium ion battery materials with both

green and UV laser illumination. Analyses utilizing green laser pulsing yielded substantial Li
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deficiencies, possibly due to selective dc evaporation of Li from poor absorption of the 532 nm
wavelength light inherent to the optical properties of LiFePO,. Conversely, UV laser pulsing
provided more accurate Li concentrations but substantial O deficiencies. Decreasing the UV
laser energy increases the overall O concentration closer to its nominal value, but does not
achieve a stoichiometric composition. Plotting and quantification of the molecular dissociation
events could not fully account for the observed O deficiency, but does provide new insights into
the field evaporation behavior and suggests that larger POx molecular species may evaporate and
are not properly accounted for in the current treatment of the mass spectra. These results
demonstrate that APT analysis of Li-based battery materials with low-energy UV laser pulsing is
generally reliable with some O deficiencies, while green laser pulsing generates unreliable

measurements of the Li concentration.
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Table I: Average measured atomic concentrations and ratios normalized to Fe+P for APT data acquired with either
green-laser assisted field evaporation or UV-laser assisted field evaporation. The indicated error represents one

standard deviation for eight specimens with the green laser and four specimens with the UV laser.

Nominal Green laser (8 tips) UV laser (4 tips)
Element
at.%  Ratioto Fe+P at.% Ratio to Fe+P at.% Ratio to Fe+P
Li 14.3 0.5 9.7£1.9 0.301+0.059 17.6+0.9 0.520+0.025
Fe 14.3 0.5 18.8+0.9 0.583+0.027 20.5+0.4 0.606+0.013
P 14.3 0.5 13.5+0.3 0.417+0.009 13.310.2 0.394+0.007
@] 57.1 2.0 57.9+1.9 1.791+0.059 48.4+1.2 1.429+0.035

Table 2: Measured composition for a representative green laser dataset (200 pJ/pulse) both as-ranged and after

adding the counts from dissociation tracks. The indicated uncertainty represents 2¢ from counting statistics.

Ranged  Dissociated As-Ranged Dissociations Difference

Element lons lons at.% Added at.% at.%
Li 433,383 0 10.01+0.03  9.86+0.03 -0.16
Fe 847,446 0 19.58+0.04 19.27+0.04 -0.31
P 585,562 16,564 13.53+0.03  13.69+0.03 0.16
o] 2,461,576 52,996 56.88+0.05 57.18+0.05 0.31

Total 4,327,996 69,560
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List of Figures:

Figure 1: Comparison of detected charge states from pre-sharpened Si microposts as a function
of laser energy readout for the LEAP 3000X Si and the LEAP 4000X HR. The 26 counting error

is less than the symbol size for every datapoint.

Figure 2: APT mass spectra obtained using green wavelength laser pulsing (top) and UV
wavelength laser pulsing (bottom). All major peaks in the top spectrum are also present in the
bottom spectrum along with several additional, more complex molecular species. The vertical

axis of each spectrum is normalized to the total number of counts.

Figure 3: Concentration profiles extracted (a), (c) laterally across the APT reconstructions
nominally parallel with the incident laser direction and (b),(d) along the analysis direction for the
green laser and the UV laser systems. Strong lateral concentration gradients are apparent for the
green laser and gradients are nearly negligible for the UV laser. Error bars indicate 16 from

counting error in each plot.

Figure 4: (a),(b) Elemental concentration ratios with respect to total Fe+P ions as a function of
laser energy. Data from UV and green laser illumination are indicated by filled and open
symbols, respectively. The UV power series was collected from a single specimen while the
green laser datapoints represent averages of 3 individual specimens each (6 in total). Error bars
represent 26 from counting error for the UV laser data and one standard deviation amongst the

three individual measurements for each green laser datapoint.
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Figure 5: Detected concentrations of ionic species and the ratio of O*:0," for various laser

conditions.

Figure 6: Multihit correlation plots (Saxey plots [31]) obtained (a) and (b) with an APT equiped
with a green laser and straight flight path. The molecular dissociation curves and parent/daughter
ion pairs are identified within the text. (c) Higher magnification of the region around track 4

comparing the green straight flight data with that of a UV laser and reflectron lens.

Figure 7: (a) Correlation plot for track 2b and (b) the same data replotted as the distance from

the analytical track versus AV/V.

Figure 8: Two possible fits to the molecular dissociation pathway about track 5: fitting to a path
extending to infinity (neutral molecule formation) and (b) fitting to two finite values (174 and 79

Da).

Figure 9: Comparison of dissociation pathways (a) track 2b and (b) track 5 when filtered to ions

detected as 2 ions per pulse or 3+ ions per pulse.

Figure 10: Distribution of number of detected ions/pulse by analysis condition.
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every datapoint.
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Figure 2: APT mass spectra obtained using green wavelength laser pulsing (top) and UV wavelength laser pulsing
(bottom). All major peaks in the top spectrum are also present in the bottom spectrum along with several additional,

more complex molecular species. The vertical axis of each spectrum is normalized to the total number of counts.
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Figure 3: Concentration profiles extracted (a), (c) laterally across the APT reconstructions nominally parallel with

the incident laser direction and (b),(d) along the analysis direction for the green laser and the UV laser systems.

Strong lateral concentration gradients are apparent for the green laser and gradients are nearly negligible for the UV

laser. Error bars indicate 16 from counting error in each plot.
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