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Abstract

Implementing a newly developed spectrometer for the soft x-ray range of (35 — 130) eV based on
reflection zone plates was successfully accomplished on an electron probe microanalyzer. In this
context, we present the first spectra acquired using this setup, including those of elements such
as Be (Kay), C (Ka), Mg (Lz,3), Al (Li2,;3), and Si (Li2,3). We have also conducted an analysis of several
lithium compounds and measured the emission of Li Ko from metallic Li, LiF, and LiNbOs. Some
of the results were compared with density functional theory calculations. The spectrum obtained
for the lithium-bearing mineral amblygonite Lio75Nao25A1(PO4)Fo.75(0OH)0.25 is chosen to
discuss some of the challenges faced.



Introduction

The detection and quantification of lithium have always been challenging, due to several factors
including the low fluorescence yield, strong re-absorption, low photon energy (Li Ko emission is
in the 50 eV range), etc. Overcoming those challenges will contribute to progress in several fields,
for instance, to develop better batteries (higher capacity, enhanced safety, ...) by gaining insights
on the occupied electronic states and their spatial distribution. Over the past few years, a growing
body of literature started contributing toward achieving these goals. These contributions cover
both theories by computing the density of states and Li K emission band using ab initio-based
calculations [1], [2], as well as experiments through the measurement of the lithium x-ray
emission in various compounds [2], [3], [4]. A considerable portion of these experiments has been
performed on an electron probe microanalyzer (EPMA) due to its accessibility.

The ongoing development of EPMA from the first instrument reported by Castaing and Guinier
in 1949 [5], to the more advanced ones equipped with field-emission electron guns (FEG) and the
latest generations of energy (EDS) and wavelength dispersive spectrometers (WDS), allows the
analysis of traces and light elements down to beryllium with a high spatial resolution reaching
the microscale and even nanoscale (as low as 40 nm) with the use of FEG on thin samples [6]. It
also allows a high spectral resolution of about 0.2 eV measured at the Al L. edge for a grating-
based WDS spectrometer [3]. All this led to its continuing use in the fields of science and industry.

X-ray emission spectroscopy (XES) attracts considerable interest because of its capability to
analyze the structural and electronic properties of materials by probing the valence density of
states [7]. The emission can either consist of atomic lines (transition between two electronic core
states) or emission bands (transitions between the valence band and a core hole). The core hole
makes the emission characteristics of the emitting element, and involvement of the valence band
gives to the method its chemical state sensitivity, while the dipole nature of the electron
transition provides information on the symmetry of state [8]. XES analysis then allows
determining the sample elemental composition and producing chemical maps with the spatial
distribution of elements. Up to now however, lithium remains out of the scope of EPMA XES
when it is present in complex materials such as silicates, as overlaps with high diffracted order
emissions of the other elements can occur, beside the strong matrix effect [1].

There were few attempts to use non-destructive techniques such as EDS to detect lithium in
metallic lithium [9] and also binary lithium compounds (LiH, LisN, Li2S, LiF, and LiCl) [10].
However, the low spectral resolution of EDS prevents it from giving information on the chemical
state of the lithium atoms and can give a false interpretation in the presence of elements that
emit close to the lithium emission band. That is the reason why in our research we will
exclusively utilize WDS because this technique has shown to be efficient in detecting Li K
emission. For example, Aita et al. applied WDS to successfully detect and acquire the Li K
emission in lithium metal [11]. The x-rays were generated by electron ionization and collected
with a grazing incidence spectrometer with a concave grating in the Rowland mounting. With
the evolution of gratings, a more advanced grating, this time based on varied-line-spacing (VLS)
flat-field optics, was used within a transmission electron microscope (TEM) by Terauchi et al. to
measure lithium emission in the 5% Li-Al alloy [3]. Then, the combination of these spectrometers
with EPMA, which benefits from a high beam current compared to TEM, allowed Takahashi et
al. to detect and more effectively resolve the Li K emission in Mg-Li-Ca alloy, lithium metal, LiF,
and in Li-Al alloy [4].



A WDS based on the use of a reflection zone plate (RZP) of laminar type that uses a two-
dimensional array of elliptical grooves working as a VLS grating has been first reported by Erko
et al. [12], [13] and followed in several other papers [14], [15], [16]. VLS gratings are diffractive
optical elements for spectroscopy with focusing capability provided by a continuous variation of
the line density in the dispersive direction. The line density distribution across the aperture of
the VLS grating is critical for its optical quality, in terms of the achievable energy-dependent
resolution. RZP are special 2D VLS gratings. In the sagittal direction, the grating lines of our
RZP are weakly curved, and their density increases slowly [17]. Hence, a wide aperture can be
realized, yielding a high photon flux. Based on the precise calculation of the grating line density
distribution via the optical path length, the RZP maintains a flat focal line close to the diffraction
limit. In addition, a spherical substrate minimizes chromatic aberrations over a wide energy
range [16].

A spectrometer based on a RZP covering the range of (35 — 130) eV will be used in our research.
In this paper, we present the new setup and first tests of the RZP spectrometer mounted on
EPMA, particularly the spectra obtained in the Li K range which includes Li metal, LiF and
LiNbOs.

Methods

Reflection zone plate spectrometer

The spectrometer used in the experiment is the WDSX spectrometer manufactured by NOB Nano
Optics Berlin GmbH. It consists of a RZP and a back-illuminated CCD camera (Greateyes). The
RZP is the diffractive component of the spectrometer. Its working principle (see Fig. 1) was
already discussed in a paper by Erko et al. [12]. The Fresnel zones were calculated specifically
based on the exact setup geometry and the desired energy range and spectral resolution. The
zone structure was transferred onto a curved silicon substrate via laser lithography. For the final
coating, carbon was chosen to optimize the diffraction efficiency. The values of the main
parameters of the RZP are collected in Table 1. The RZP is 40 mm long and has a trapezoidal
shape, with its width varying from 8.1 mm to 10.6 mm. The RZP contains 7640 grooves or lines.

Table 1: Parameters of the reflection zone plate and of the geometry of the experiment.

Entrance arm length R: 150 mm

Exit arm length Re 150 mm
Entrance angle o 2.65°

Exit angle B3, at 53 eV (design energy) 6°

Curvature radius of the spherical substrate 4m

Central grating period d 5.306 um
Profile depth 78 nm
Coating Carbon 10 nm
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Figure 1: Schematic of the setup geometry inside the spectrometer.

In a RZP, the number of lines along the beam direction governs the diffractive properties over
the accessible energy range of the spectrometer and thereby the theoretical spectral resolution,
which is in reality usually limited by the source size and the pixel size of the detector. The
different energies are simultaneously focused to straight lines (see Fig. 1) at different positions
on the x-ray CCD camera according to the grating law expressed by:

d(cos a —cos B) = mA (1)

with o and B being the glancing incident (or entrance) and diffraction (or exit) angles,
respectively, defined for the m' order of wavelength A, and d being the mean spacing of the

grating grooves.

The factors influencing spectral resolution include the geometrical magnification of the source,
the diffraction limit, chromatic aberrations, and the spatial resolution of the CCD. In our case,
particularly in the range of 48.5 —56.5 eV around the design energy, the resolution is primarily
limited by the detector. For the chromatic aberration, Fig. 2 illustrates the variation in the width
of the focal line on the CCD camera as a function of the photon energy. This contribution is
minimal between 50 and 55 eV and becomes more important at higher photon energies.
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Figure 2: simulation of the chromatic aberration as a function of the photon energy. The blue line is a guide to the eye.



The radiation dispersed by the RZP is detected by the CCD camera with a pixel size of 13.5 um x
13.5 um and an image format of 2048 x 515 pixels. The radiation is dispersed along the 515 pixels,
each of these pixels representing a different wavelength. The pixel columns along the long side
of the CCD area (2048 pixels), which is illuminated by the line focusing RZP, are integrated for
each of the 515 pixel rows to obtain a spectrum. The acquisition speed of the camera used to
measure our spectra were 1 MHz or 50 kHz. The lower acquisition speed enables decreasing the
reading noise, and thus the background under the spectra. This mode was used when the
measured intensity of the emission is low.

The spectrometer is used without a window by employing a 3D-printed adaptive tunnel (Fig. 3)
to connect it to the secondary vacuum in the analysis chamber directly, instead of relying on the
primary vacuum provided usually for EPMA spectrometers in the Cameca SX 100. The tunnel
was intended to create a differential pressure difference through its low conductance to reach the
pressure required for the use of the CCD camera at -60°C. This allows to reach a pressure of 7 x
105 mbar, which is suitable to ensure the proper functioning of the CCD camera under low
temperatures, while avoiding the formation of ice on it. The cooling of the CCD is necessary to
lower the noise and to minimize the background.

Electron Probe Micro Analyzer

The Cameca SX 100 microprobe utilized in the experiment is equipped with a tungsten filament
with acceleration voltages ranging from 0.5 to 30 kV and beam currents of 10 to 700 nA. The
samples are mounted on an automated stage that has a precision better than 3 um with a spot
size less than a micrometer, enabling EPMA to analyze weights down to several ppm for selected
elements. Figure 3 represents a simplified scheme of the EPMA at the CAMPARIS facility at
Sorbonne Université, equipped with Johann-type spectrometers using crystals and multilayers
and with the RZP spectrometer.

Electron column

Crystal spectrometer

Qﬂjﬁ:

Analysis chamber 3

Specimen

Secondary vacuum

Primary vacuum

Figure 3: Simplified schematic of the Cameca SX 100 microprobe, equipped with crystal-based WDS and reflection zone
plate spectrometer.



Data processing

First, the dark noise coming from the CCD camera is suppressed. For that purpose spectra
without (dark) and with the electron beam are obtained both in the same conditions and the
former is subtracted from the second spectrum. This procedure is important in case of faint
emissions are expected. All the spectra measured by the spectrometer are affected by a
background coming from the continuous spectrum of the decelerated electrons (so-called
bremsstrahlung). To subtract this background from the final spectra, a baseline correction
algorithm based on the asymmetrical least square method is used [18].

Example of spectra

From the viewpoint of spectral resolution and compared to the use of multilayers (few eV
resolution), the RZP spectrometer has a high energy resolution that reaches 0.3 eV at the Al Lz
edge (72 eV, [19]) and 0.25 eV measured at the Mg Lz 3 edge (49 eV, [19]), as shown in the Lz3
emission spectra (electron transition from the s and d valence states towards the 2ps2,12 core
level) presented in Fig. 4. Those values are defined as the energy difference between 75 % and
25 % of the maximum from the top to the background of the Fermi edge.
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Figure 4: Mg Lz s emission of metallic magnesium and Al Ls 3 emission from aluminum.

The photon energy calibration of the RZP is made using of peaks from high order diffraction
peaks of C Ka (electron transition from the p valence states towards the C 1s core level , 277 eV)
emission from graphite, as shown in Fig. 5. This procedure is chosen because their positions are
precisely known and cover the whole range of the spectrometer. We can note, Fig. 5(a), that the
positions of the 5% and 6t diffraction orders fall in the Li K range (around 50 eV). We observe
that the width of the carbon emission band decreases with the diffraction order increasing. This
due to the fact that the dispersion is decreasing with diffraction order as it can be deduced from
the grating law. If we plot the various diffraction peaks on the energy scale relative to the 3
order diffraction, Fig. 5(b), then all peaks have similar width and shapes. Their differences come
from the variation of the spectral resolution as a function of the photon energy, see Fig. 2. The
seventh order peak is cut toward low energies because it occurs at the lower limit of the
spectrometer.
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Figure 5: (a) High order diffraction peaks of C Ka emission in graphite across the full range of the spectrometer. The
numbers in parentheses represent the diffraction orders; (b) high order peaks scaled to the photon energy scale of the 3@
order peak and normalized to their maximum.

To validate the calibration procedure, we compare spectra acquired for several materials
including Mg, Al, Si and Be (Fig. 6) to the associated energy values from the literature [19], and
the results are found to be in good agreement. These emission bands are about 10 eV wide. These
widths originate from the natural widths of the emission and the experimental broadening. The
natural widths themselves derive from the widths of the core levels and of the valence bands.
Because the widths of the core levels and the experimental broadening are small, less than 0.1
eV, the observed widths of the emissions bands reflect the widths of the valence bands.
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Figure 6: The x-ray emission bands of Mg Lz 3 of metallic Mg, Al Lz 3 of metallic Al, Si Lz s of pure silicon and Be Ka of
metallic Be. The dashed lines represent the photon energies from the literature [19].

Attenuation lengths of the Li Ka emission

In Table 2 we present a comparison of the attenuation coefficients (which denote how easily a
material can be penetrated by the beam of x-ray photons) and attenuation lengths (defined as
the distance at which the intensity of the beam drops to 1/e of its initial value, for an emergence
angle of 45° in our case) of the Li Ko emission in different compounds, including lithium oxide
and spodumene. Values are deduced from the CXRO website
(https://henke.lbl.gov/optical constants/). The table shows that the Li Ko emission undergoes an
important attenuation in the lithium compounds, represented by the increase of the attenuation
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coefficient, reaching values larger by a factor of 100 compared to lithium metal. This substantial
rise in the attenuation coefficient corresponds to a remarkable reduction in the attenuation
length, changing from 1.8 um in the case of lithium metal to few tens of nanometers in its other
compounds.Consequently, the emission of only a small number of lithium atoms can be detected
and thus we expect the intensity collected from non-metallic samples to be a few hundred times
less intense than the one from Li metal.

Table 2: Comparison of the attenuation coefficients and attenuation lengths of different compounds [20]. (*) Empirical

formula and density from the Mineralogy Database, http://webmineral.com/. The attenuation coefficient and
attenuation length are specified at 50 eV and an emergence angle of 45°.

Densit Y Attenuation Att .
Material Composition or empirical formula COSILY | WU oefficient enuation

(g/cm3) Li (emY) length (nm)
La 1La 0.53 | 100 3.85 x 103 1823
LiF LiF 2.64 | 26.8 371 x 103 19
Li2O Li2O 2.01 | 46.5 189 x 103 37
LiNbOs3 LiNbOs3 4.3 | 4.69 296 x 103 24
Spodumene LiAlSi120s 3.1| 3.7 284 x 103 25
Lepidolite® KLi2AlS14010F(OH) 2.84 | 3.6 350 x 102 18
Amblygonite® | Lio.75Nao.25A1(PO4)Fo.75(0H)o.25 3.04| 34 391 x 103 15
Bikitaite® Li2Al2(Si1206)2 * 2(H20) 228 | 3.4 348 x 103 22

Results and discussion

e Lithium metal

We have studied a sample of pure lithium, kept under vacuum to avoid the oxidation. The sample
surface was gently scratched in an attempt to remove any oxidized layers and quickly inserted
into the analysis chamber. The sample was analyzed with an accelerating voltage of 5 kV, beam
current of 100 nA and an acquisition time of 100 s. The spectrum features an asymmetric peak
shape which is expected for such metal (Fig. 7). The Li Ko emission is centered at 54.3 eV and
represents the transition from the 2p valence states to the K shell. The spectrum also shows the
presence of high diffraction orders from O Ka, caused by the oxidation of the surface while the
film was exposed to air during its introduction into the microprobe. Moreover, Fig. 7 displays the
comparison to the calculated spectrum using DOS calculations [1]. Calculations are performed
with WIEN2k code [21] implementing a full-potential augmented plane wave method [22]. The
approximation for the exchange-correlation function used is generalized gradient approximation
of Perdew-Burke-Ernzerhof [23].The calculated spectrum, deduced from the valence DOS, was
shifted by a value equal to the binding energy of the Li 1s core level at 54.78 eV, as determined
by XPS [24]. The experimental spectrum and the calculations are in good agreement, the small
discrepancies between both are attributed to the presence of carbon and oxygen contaminations,
making it difficult to determine the background correctly.
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Figure 7: Experimental spectrum of lithium metal (blue) compared to the calculated one (orange, dashed), obtained in
the range from 47 eV to 60 eV.

o LiF sample

A lithium fluoride sample was analyzed during this work. Usually, the sample surface is
covered by a thin layer of graphite to ensure good conductivity and to avoid charging
effects. To reduce the strong overlap between C Ka and Li Ko emission, carbon was not
used as a coating material. Instead, we have employed a 5 nm layer of gold, as gold
emissions do not overlap with Li Ka. Several measurements of soft x-ray emission
spectra of Li Ka have been performed on LiF [4], [21 — 23], excited either by photons or
electrons, with conflicting observations. This can be due to the rapid change of the spectra
of halogen containing compounds under bombardment, which is influenced by the
analysis conditions (number of incident particles, size of the incident beam and
acquisition time). Some of these spectra have been collected in Fig. 8 and compared with
our measurement.
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Figure 8: Comparison of the Li Ka emission in LiF, between our measurement “LiF” (2 kV, 50 nA and 300 s), spectra
from Takahashi et al. [4], Fukushima et al. [25], Callcott [28], and Tsang [27]. The dashed curves represent the
experiments with photon excitation, while the solid line curves represent electron excitation.

Figure 8 shows the spectra of LiF obtained with different instruments and under different
excitation (electron, photon). Our spectrum shows two emission bands as observed by Takahashi
et al. [4], one at a lower energy (from 47 eV to 51 eV) and the other at a higher energy (centered
at 54.3 eV). The lower energy band is attributed to the emission of Li Ka from lithium oxide [2].
This is emphasized by the increasing intensity of this band with time, simultaneously to that of
the O Ka emission, while the intensity of the F Ko emission is decreasing, as depicted in Fig. 9.
The absence of the oxide emission in the work of Fukushima et al. [25] can be due to Ar* ion
sputtering of the surface that prevents the oxidation of the lithium. The higher energy band,
around 54 eV, is attributed to the emission from lithium metal that has accumulated at the
surface of the sample after the removal of fluorine under the beam damage. On the other side,
using photon excitation, Callcott et al. [28] observed in his work a similar emission band around
61 eV to the one reported by Tsang et al. [27]. In Tsang’s work, the emission band centered at
46.5 eV, absent from the observations under electron excitation, was attributed to the valence
band-core transition, while the one at 61 eV was ascribed to excitonic origin.
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Figure 9: O Ka (m = 4) and F Ka (m = 5) emissions, observed on a LiF sample, as a function of the acquisition time
(dashed line after 400 s, solid line after 1200 s). The numbers in parentheses are the diffraction orders.

e LiNbOs

Figure 10 shows the spectrum of a LiNbOs crystal within the energy range from 40 eV to 110 eV.
The spectrum reveals the presence of the 2rd, 3rd and 4t diffraction orders of the Nb M( emission
at approximately 85 eV, 56 eV and 42 eV, respectively, in addition to the high diffraction orders
of the O K emission (5t to 12t order). It is important to mention that there was no observation
of high orders of C Ka in the spectrum. A zoom on the range from 49 eV to 62 eV is presented in
Fig. 11. The peak centered at around 54.7 eV could be attributed to Li Ka, similar to what was
reported by Fukushima et al.[25]. While the other peaks are more intense and better resolved
compared to Fukushima’s work, the Li Ka peak is still low. This fact can be explained by the
strong self-absorption of the Li Ka radiation, as detailed in Table 2, which decreases the available
signal, limiting the sensitivity. To optimize the detection of the emission band within the Li K
region for this sample, it was essential to extend the acquisition time to 600 s, in that way
augmenting counting statistics and enhancing the signal-to-noise ratio. However, the extended
exposure may lead to sample damage due to radiation effects.

11



1.0x10°

0.8x10°

0.6x10°

0.4x10°

Number of counts

0.2x105

LiNbO3

Nb Mg (2)

Nb MZ (3)

0 Ka. (9)

/OKm (8) O Ka (7)

O Ka (5)

O Ko (6)

Figure 10: Spectrum of LINbO3, measured under conditions of 5 KV, 100 nA, 600 s.

1 w7\0| PR w8I0| PR
Energy (eV)

90 100

2.0x10¢

1.5%x10%F

1.0x104f

Number of counts

0.5x10%"

Nb M (3) —>

Li Ka

\

O Ka (10)

0 Ka (9)

f 5I5 i ! 5I7 i
Energy (eV)

51 53

59 61

Figure 11: Zoom of the LiNbOs spectrum on the region from 49 eV to 62 eV.

e Lithium-bearing minerals

Table 2 shows that the attenuation lengths of a 50 eV radiation do not exceed 25 nm for silicates,
meaning that the characteristic line of Li will be rapidly attenuated within the sample. Hence,
the measurement of emission from Li atoms is difficult and only possible at a low sensitivity of
detection (low intensity and poor peak-to-background ratio). Anyway, attempts to acquire the Li
Ko emission in the lithium bearing minerals were made. The analyzed samples include lepidolite,
amblygonite and bikitaite. In the following, only amblygonite will be discussed exemplarily, since
the difficulties in the other samples were the same. Figure 12 shows the measured spectrum of
amblygonite in the full range of the spectrometer. The analysis was performed using a low
accelerating voltage of 3 kV, a beam current of 200 nA and an acquisition time of 200 s. The
spectrum presents the emission of O Ka, Al Lz3, and P L3 with no significant evidence of carbon

contamination. A zoom on the range from 48 eV to 72 eV is plotted in Fig. 13.
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Figure 12: Full amblygonite spectrum; the vertical lines give the energies of the O Ka (red), C Ka (blue) and Al L3
(green) emissions with their high diffraction orders.

Figure 13 illustrates the potential overlap between the second-order emission of P Lz s and Li Ka,
as determined through density functional theory (DFT) calculations, in comparison to the
experimental spectrum. The simulated spectrum, deduced from the valence density of states, is
aligned on the experimental spectrum by choosing the energy of the main peak as 64.5 eV, The
three curves are normalized to their maximum at (54 — 55) eV. The emission band centered at
54 eV, and extending from around 52 eV to 56 eV, presents possible overlaps of different emission:
Li Ko, the lower energy secondary peak of P L2,s (m = 2) around 54.5 eV and O Ko (m = 10) around
53 eV.
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Figure 13: Experimental amblygonite spectrum (blue), compared with DFT calculations of P Lzs (green) and Li Ka
(orange). The red vertical lines represent the positions of the high diffraction orders of O Ko« emission.

Several peaks were easily resolved, such as Al La s, P L2, O Ka, ete. For lithium however, several
difficulties were encountered, including the overlap of high diffraction order emission from
elements present in the sample, such as Si Lg3 (for lepidolite and bikitaite), P Le2s (for
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amblygonite) and O Ka. In addition, an overlap with high diffraction order emissions from the
presence of external contaminations such as C Ka (for lepidolite and bikitaite), coming from the
decomposition of hydrocarbons under irradiation, is observed. Furthermore, a change of the
spectrum with time under influence of the beam has been observed.

Conclusion

In this work, we have succeeded to setup the newly developed RZP spectrometer on an EPMA.
The spectrometer covers the soft x-ray range of (35 — 130) eV, with a resolution reaching 0.3 eV
measured at the Al Lz 3 edge. This high resolution allows the determination of the fine features
of the emission bands in this range, accompanied by a high signal-to-noise ratio. We presented
Li Ko emission acquired in different compounds including Li metal, LiF and LiNbOs3, providing
valuable insights into the chemical behavior of lithium in different environment. We discussed
the difficulties confronted when analyzing complex materials such as the lithium bearing
minerals. The demonstrated capabilities of the RZP spectrometer open the gate for future
research in the field of x-ray emission spectroscopy and for the quantification of lithium.
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