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Lithium is one of the key elements in today’s materials and battery industry, and the interest in non-destructive
characterization techniques at a micron scale for materials containing lithium is steadily increasing. The electron
microprobe is a reliable and accessible analysis tool widely used for this purpose, but performing X-ray emission
spectroscopy in the low-energy range is still challenging.

In this work, we demonstrate that spectroscopy in the Li K energy range is feasible by integrating a new
detection system composed of a multilayer and ultra-thin separation windows into a commercial wavelength
dispersive spectrometer of a microprobe. The detection system is described in detail, and the results, in form of
spectra showing the Li K emission in LiF and in a ternary quasicrystalline sample, are presented and analyzed. In
LiF the emission band is centered at 54.5 eV and has varying intensities for different beam exposure times. The
spectra obtained in the ternary quasicrystal clearly demonstrate that the detection system has sufficient energy
resolution to separate the Li emission band and the Al L, 3 and Cu M3 3 emission bands, enabling chemical state
analysis by comparing the shapes of the emissions. To our knowledge, this is the first time such a detection
system, implemented in a WDS spectrometer and enabling the acquisition of different Li K spectra in various
compounds has been described in detail. This kind of system can be used for Li quantification using a common

procedure in electron probe microanalysis.

1. Introduction

Soft X-ray spectroscopy is a reliable technique for non-destructive
and accurate material characterization. The electron microprobe,
based on wavelength-dispersive spectrometry (WDS), is widely used for
both scientific and industrial applications. Since the beginning of elec-
tron probe microanalysis (EPMA) introduced by Raimond Castaing in
1951 [1], significant progress has been made in analyzing light elements
[2-4]. However, despite the great interest in lithium (Li), particularly in
the energy sector [5,6], and the urgent need for accurate non-destructive
analysis at a micron scale to enable, for example, in situ measurements
on batteries, detecting Li with an electron microprobe equipped with a
bent crystal spectrometer and multilayers remains challenging. Recently
developed periodic multilayers allow spectroscopy in the energy range
around the characteristic Li emission (~ 50 eV) [7,8]. Some acquisitions
of spectra showing the Li Ka emission using a scanning electron mi-
croscope or an electron microprobe equipped with a diffraction grating

have already been published [9-11]. Other non-destructive techniques,
such as X-ray photoelectron spectroscopy (XPS), allow for Li detection.
However, XPS is extremely surface-sensitive, with analysis depths of less
than ten nm, whereas the electron microprobe can analyze thicknesses
of up to several hundred nm, depending on the material.

Nevertheless, scientists encounter difficulties when trying to detect
Li through soft X-ray emission spectroscopy (SXES) due to various fac-
tors. The fluorescence yield of Li is extremely low, resulting in the
production of few characteristic photons during the deexcitation process
of Li atoms, which favors the emission of Auger electrons [12]. As a
result of their low energy, the photons undergo strong auto-absorption
by the sample and sample coating. Consequently, the signal originates
principally from a thin surface layer, often degraded by contamination
and sensitive to electron bombardment. Additionally, further photon
absorption by the microprobe components, especially by separation
windows, decreases the measured signal intensity.

Since the Li K emission (2p — 1 s transition) involves valence
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electrons, the shape of the Li emission band is highly dependent on the
density of states (DOS) of the valence band and thus highly dependent
on the chemical state of the Li atom. Chemical shifts of some eV and
strong peak shape alterations can occur and should be expected for
EPMA of light elements, [13,14], complicating quantitative analysis.

This work specifies, to our knowledge for the first time, a detection
system implemented in a commercial WDS spectrometer of an electron
microprobe which allows the detection of the Li Ka emission in different
materials with Li concentrations down to 9% [15]. The new device in-
cludes a specially developed multilayer and ultra-thin low-absorbing
separation windows. A description of the device and the analyzed ma-
terials is found in section 2. We demonstrate that this system is well-
suited to resolve Li signal from possible overlapping contributions of
other heavier elements showing characteristic emission bands in the
same spectral range as Li. The aim of this article is to present this new
technique, which is more accessible than other techniques using syn-
chrotron radiation, and less onerous than detection using a scanning
electron microscope (SEM) equipped with multilayer gratings.

2. Materials and methods
2.1. Electron microprobe

A classical electron microprobe includes several components such as
the electron gun, electron lenses, the sample holder, energy- or wave-
length dispersive spectrometers and a backscattered electron detector
[16] where there are some differences in the setup among the three main
manufacturers, CAMECA, JEOL and Shimadzu. For all instruments, the
basic working principle is as follows: the sample, placed in the object
chamber, is bombarded by the electron beam produced from the elec-
tron gun and aligned in the tube. This leads to the emission of various
signals, e.g. secondary electrons, backscattered electrons, Auger elec-
trons, and X-rays.

When the electron beam’s energy exceeds the critical energy
required to ionize the sample’s atoms, characteristic X-rays produced by
the deexcitation process are emitted. When using wavelength dispersive
spectrometers, the photons entering the spectrometer are diffracted
according to Bragg’s law by natural crystals or multilayers and subse-
quently detected by a proportional counter. The measured spectrum is a
superposition of the characteristic emission peaks and a continuous
signal. This continuous background is composed of Bremsstrahlung and
photons resulting from the total reflection of the dispersive element. For
multilayers, the background intensity caused by total reflection varies
inversely with the fourth power of the sine of the glancing angle. The
sample, the dispersive element, and the proportional counter are
constantly kept on a focussed circle, the so-called Rowland circle. The
object chamber and the tube are kept under a secondary vacuum, while
the spectrometers operate under a primary vacuum.

For this study, we used a CAMECA SXFive FE TACTIS microprobe
that has five spectrometers with up to four dispersive elements to enable
parallel detection of photons across different energy ranges. The Row-
land circle diameter is 320 mm, large enough that there are no further
collimating slits required to achieve optimal spectral resolution. Photons
diffracted by the multilayers are detected using a proportional counter
filled with a mixture of argon/methane gas. The spectrometers are either
equipped with high or low-pressure detectors.

Due to variations in vacuum levels among chambers, thin separation
windows are installed at the interfaces between the main chamber,
where the specimen is placed, and the spectrometer, as well as between
the spectrometer and the proportional counter.

After years of research on multilayers suitable for extreme ultraviolet
lithography as well as research on solar physics [17], multilayers of
types such as Si/Mo, Si/B4C, and Si/SiC should allow the reflection of
characteristic X-rays in the lithium spectral range (~ 25 nm). Moreover,
recent studies on a newly developed multilayer composed of the light
elements Be/Si/Al demonstrate high reflection around the Li K emission
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[7]1. Another multilayer allowing the diffraction of photons at this en-
ergy has been integrated into a spectrometer of the microprobe [15].
This bent multilayer is composed of periodically alternating thin layers
of boron and silicon with a total stacking period of 20.5 nm. Reflectivity
calculations using IMD [18] software enable the performance of this
multilayer to be assessed. Fig. 1 shows the reflectivity curve for a fixed
Bragg angle of 40.2°, corresponding to the position of the Li K emission,
in function of the photon energy. One can see that the reflectance at 54
eV is 15% with a bandwith of 4 eV.

Implemented into the Rowland circle low-pressure spectrometer (1
bar), the multilayer’s analysis domain ranges from 45 eV to 130 eV and
should allow the detection of the emission bands from Mg Ly 3 to P Ly 3,
including the M emission bands of transition metals.

New spectrometry techniques at very low energies also require the
development of new separation windows that are transparent to radia-
tion in this energy range. Traditionally used windows, typically made of
several micrometer thick layers of beryllium, offer the advantage of
being highly resistant and nearly transparent to hard X-rays. However,
below 1 keV, they become highly absorbent, leading to the use of
polymer windows made of polypropylene or BoPET, with thicknesses
ranging from some tens of micrometers to a few micrometers. Yet, below
a few hundred eV, X-ray absorption by these windows also becomes a
limiting factor in the analysis, necessitating the use of alternative win-
dow materials to improve detection limits. Ultra-thin windows made of
silicon nitride (SiN) have been under investigation for some years now
and have demonstrated excellent performance, particularly in XRF ap-
plications [20]. Further details about the manufacturing process and
their characteristics are provided in the following paragraph.

The windows are manufactured through low-pressure chemical
vapor deposition. An ultra-thin film of 20 nm SiN is deposited on a thin
polycrystalline silicon grid. One or both sides of the window can be
coated with thin metal layers, typically a few nm thick, applied either
through sputtering or electron beam physical vapor deposition. This
coating serves to filter out unwanted radiation and render the structure
conductive, which is essential if the windows are used as a separation
between the proportional counter and the spectrometer chamber. Fig. 2
shows an illustration of such a separation window and its support grid.

The hexagonal silicon grid, covering approximately 20% of the
window surface, helps to stabilise the structure. Notably, the window
can withstand pressure differences of up to 5 bar [20]. Fig. 3 presents a
comparison of the X-ray transmission up to 2000 eV for the window
types that are mainly used for low-energy applications.

Two of these windows were integrated in the microprobe at the
interface between the main chamber and the spectrometer equipped
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Fig. 1. Reflectivity curve for the B/Si multilayer at a fixed Bragg angle of 40.2°
in function of the photon energy. A roughness of 0.5 nm was considered at each
interface and the attenuation coefficients used for the simulation are taken from
CXRO [19]. One can see that the reflectance at 54 eV is 15% with a bandwith of
4 eV. Further, higher diffraction orders may not be neglected.
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Fig. 3. X-ray transmission curve for photons below 1000 eV for ultra-thin
windows made of SiN (20 nm), polypropylene (0.2 pm) and BoPET (3 pm);
the data used for the transmission calculations comes from CXRO [19]. Espe-
cially at extreme low energies, below 100 eV, the SiN window shows better
transmission properties.

with the new multilayer, as well as between the spectrometer and the
proportional counter. Subsequent tests conducted on a pure aluminium
(Al) sample measuring the X-ray Al L, 5 emission at 72.5 eV [22] indicate
that the absorption caused by the new, thinner separation windows is
about 30 times less important at 72 eV (see Fig. 4).

2.2. Analyzed samples

Li measurements were conducted on two bulk samples: lithium
fluoride (LiF) with 26.8 wt% of Li and a quasicrystalline sample, con-
taining phases with varying amounts of Al, copper (Cu) and Li. As the LiF
sample is non-conductive, the sample contour was coated with a
conductive gold paint. The quasicrystalline sample was mounted in a
conductive resin with carbon filler.

As shown in Fig. 4 the new ultra-soft X-ray detection systems allows
the measurement of the L emission band of Al. It is also possible to detect
the M emission band of some transition metals of the fourth period, such
as Cu.

2.3. Analysis conditions

The microprobe settings and its electronics were optimized to
maximize the signal for Li emission. The acquisitions were carried out
over the whole energy range of the crystal, with 1000 steps and a dwell
time of 0.8 s/channel.
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Fig. 2. (a) Illustration of the structure of an ultra-thin SiN window [20]; (b) SEM image of the support grid for SiN windows [21].
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Fig. 4. Comparison of the acquisitions on a pure Al sample with the spec-
trometer equipped with polymer windows and ultra-thin SiN windows. With
the ultra-thin windows, the detected intensity is about 30 times higher than
with the standard commercialised polymer windows.

Prior to each acquisition, the electron beam alignment was opti-
mized by focusing it onto a spot with 1 pm diameter on the sample
surface. Measurements were conducted at different beam currents,
reaching up to 700 nA, with an acceleration voltage of 5 kV. This voltage
was determined using theoretical calculations performed by Monte
Carlo simulations with CASINO (‘monte CArlo SImulation of electroN
trajectory in sOlids’) [23], see Fig. 5(a). Similar work has been carried
out by Hovington et al. [24]. One observes that the intensity is maximum
for low acceleration voltages. Nonetheless, the measurement at 5 kV is
much more convenient as the microprobe is closer to its optimal working
conditions. It turned out that the measured intensity of the Li emission in
LiF with an acceleration voltage of 5 kV was higher than at lower
voltages. One possible explanation could be that the measurement is
more sensitive to surface effects at low voltages. The calculated atten-
uation length for Li Ka photons in LiF is only 21 nm, whereas for other
materials, it is one or two orders of magnitude higher, as illustrated in
Fig. 5(b).

3. Results and discussion
3.1. LiF

The spectrum acquired on the LiF sample, shown in Fig. 6, allowed
the detection of an intense emission band centered at 54.5 eV, consistent

with findings by Takahashi et al. [25]. One can observe that higher beam
currents and longer surface exposure times result in a more intense
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Fig. 5. (a) Li K line intensity for different materials as a function of acceleration voltage. Monte Carlo calculations are made with the CASINO software [24]; (b)
Attenuation lengths for photons with an energy between 30 eV and 130 eV for different materials [19].
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Fig. 6. Acquired spectra on LiF with different beam currents showing the Li Ka
emission at an energy of 54.5 eV.

emission. It is well-known that halogens migrate under electron
bombardment, leading to partial removal of fluorine and accumulation
of lithium metal on the sample surface. Therefore, this band is attributed
to the Li Ka emission from Li metal, with a tabulated energy of 54.25 eV
[22]. The spectra show a slight assymetry, most notable in the 207 nA
acquisition, on the low-energy side of the emission band. This assymetry
could be due to the presence of an emission of lithium oxide (Li»O),
observed around 48 eV (Li»O) [26-28].

The FWHM of the intense Li oxide emission is 4 eV which corre-
sponds to the sum of the Gaussian broadening caused by the multilayer
and the natural width of the emission band. This energy resolution is
sufficient for detecting Li emission undergoing chemical shifts in func-
tion of its chemical state and for separating emission lines from heavier
elements. However, the resolution of the multilayer is insufficient to
distinctly seperate the two contributions coming from Li metal and Li,O.

3.2. Quasicrystal

The quasicrystalline sample contains different phases composed of

Al, Cu and Li. Detailed discussions on the formation of ternary quasi-
crystals containing Al can be found in [29-31]. In total, seven com-
pounds exist, with the most significant being T; (Al,Culi), Ty (AlgCulLis)
and Tp (Alj5CugLis). The designation and composition of these seven
phases are listed in Table 1. Prior to EPMA analysis, the sample was
investigated using X-ray diffraction (XRD), scanning electron micro-
scopy, and electron backscatter diffraction (EBSD). These analysis
revealed the presence of phases T;, T, and a phase consisting mainly of
Al likely the phase §". Fig. 7 shows a SEM image of the entire sample and
a zoomed-in view on the discussed phases.

For the quasicrystalline sample, all acquisitions were carried out at 5
kV and 200 nA to prevent saturation of the detection system, given the
high intensity of the Al Ly3 emission. WDS spectra acquisitions were
performed on the phases &, Ty, and T, as shown in Fig. 8(a). One can
observe the intense Al L, 3 emission band of the § phase that contains a
high amount of Al. On the other two spectra, one also observes a less
intense emission band at the energy position of the Al Ly 3 transition.
This peak results from the superposition of the contributions from the Al
Ly 3 and the Cu My 5 transitions at 72.5 eV and 74.3 eV respectively. The
slightly different shape of the emission band is due to the different
concentrations of Al and Cu in the two phases. The T; phase contains

Table 1
Nomenclature, mass fraction and crystal structure of the different phases [29].

phase composition mass fraction crystal structure

Al: 0.9210
Li: 0.0790
. AL 0.7954
s Alli Li: 0.2046 Baz
Al: 0.4592
Cu: 0.5408
Al 0.4336
Cu: 0.5106
Li: 0.0558
Al 0.4366
Cu: 0.5484
Li: 0.0150
Al 0.6574
Cu: 0.2580
Li: 0.0846
Al 0.6152
Cu: 0.2898
Li: 0.0950

5 AlzLi Lly

e Al,Cu tetragonal

T1 Al,Culi hexagonal

Tp Al;5CugLiy cubic
icosahedral

T AlgCuLisz

R AlsCulis cubic
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Fig. 7. SEM images of the quasicrystalline sample. The composition of the three different phases is listed in Table 1.
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Fig. 8. (a) WDS spectra of the phases &, T; and T»; (b) Acquisitions on pure Al and Cu samples showing the Al L, 3 emission and the Cu M, 3 emission.

more Cu and its maximum shifts to a slightly higher energy, according to
the energy difference between the Al Ly 3 and Cu My 3 transition. For
comparison, Fig. 8(b) presents the acquisitions on a pure Al and a pure
Cu sample.

The zoom on Fig. 8(a) shows the Li K emission band, only observed
for the T, phase with the highest Li mass fraction. Given that the elec-
tronic states of aluminium oxide may extend down to 52 eV [13], we
conducted WDS measurement on Al,O3; to confirm that the observed
emission is not caused by the Al L, 3 transition but by the Li K transition.
In our case, the emission from Al, O3 is observed above 60 eV. One might
expect to see the Li K emission band for the § phase, which has only a
slightly lower Li concentration than the T, phase. Nevertheless, the
extremely intense Al L, 3 emission band drowns out the Li K intensity.

Similar to LiF, the maximum of the Li emission in the quasicrystalline
sample is found at 54.5 eV, and the emission can be attributed to lithium
metal. Nevertheless, despite the similarity in energy position to that
observed for the LiF sample, its form differs from the Li Ka emission
band shown in Fig. 6 and remains stable even with longer surface beam
exposure times.

4. Conclusion

The integration of recently developed multilayers and ultra-thin

separation windows into a WDS Rowland circle spectrometer of an
electron microprobe allows for the detection of the Li Ka emission in
different Li compounds. This advance is of great interest given the
importance of lithium as a key element in today’s industry and the
persistent challenges in its analysis. The electron microprobe is a
powerful tool with excellent spatial resolution and sufficient resolving
power to separate the Li K signal from possible overlapping contribu-
tions of other elements. Compared to microprobes equipped with
grating spectrometers, which have even better energy resolution [32],
the WDS Rowland circle setup allows for accurate non-destructive
quantitative analysis by performing quantification simultaneously on
different spectrometers. This capability addresses the urgent need for a
reliable and accessible technique for quantifying Li in battery materials,
ceramics, and materials used in the aerospace sector, among others.

However, it’s worth noting that the measured intensity remains low
and Li spectroscopy using WDS EPMA requires high beam currents that
can damage the sample, as it is the case for LiF. Nonetheless, the stable
behavior observed in other samples holds promise for quantitative
analysis. Recent work on Li quantification by EPMA has been presented
[33,34] and further work is on the way.
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