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Abstract: We employ xenon (Xe) plasma focused ion beam (PFIB) milling to obtain soft X-ray trans-
parent windows out of bulk samples. The use of a Xe PFIB allows for the milling of thin windows
(several 100 nm thick) with areas of the order of 100 um x 100 um into bulk substrates. In addition,
we present an approach to empirically determine the transmission level of such windows during
fabrication by correlating their electron and soft X-ray transparencies. We perform scanning transmis-
sion X-ray microscopy (STXM) imaging on a sample obtained by Xe PFIB milling to demonstrate the
conceptual feasibility of the technique. Our thinning approach provides a fast and simplified method
for facilitating soft X-ray transmission measurements of epitaxial samples and it can be applied to a
variety of different sample systems and substrates that are otherwise not accessible.

Keywords: Xe plasma focused ion beam; soft X-ray transparency; transmission X-ray microscopy

1. Introduction

X-rays from synchrotron light sources, with their high brilliance and tunable energy,
have become an indispensable tool for a variety of research fields. Within the broad X-
ray spectrum, soft X-rays with energies up to ~2 keV cover the central resonant electron
transitions of a wide range of elements. This key feature allows for an element-specific
analysis of materials while further providing information on both their magnetic and
chemical states [1]. In addition, soft X-ray microscopy techniques typically offer higher
spatial resolutions than visible light microscopy techniques as a result of the up to two
orders of magnitude shorter wavelengths of soft X-rays [2].

On this background, X-ray transmission experiments, i.e., the detection of photons
transmitted through the sample, are of particular interest as they give access to the full
sample structure, including buried layers. Moreover, photon-in photon-out measurement
schemes allow for a simple application of electric and magnetic fields, not compromising the
detection as it can be the case for electrons. However, a disadvantage of such transmission
measurements is the necessity to have X-ray transparent samples. This requirement can
be challenging as the attenuation length in the soft X-ray regime is of the order of tens to
several hundreds of nanometers, depending on the sample material and X-ray energy [3].
For that reason, samples are typically grown on X-ray transparent amorphous SizNy
membranes of ~100 nm thickness. However, this approach excludes single-crystalline and
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other thin film systems that need to be grown on specific substrates, for example certain
antiferromagnets [4,5], semiconductors [6] or perovskites [7,8].

To overcome the issue of nontransparent substrates, for some material systems se-
lective chemical etching can be applied to specifically remove parts of the sample [9,10].
Another possibility is to extract a lamella out of a thin film or bulk substrate and then place
it on a membrane for measurements [11,12]. The disadvantage of this processing is that
only a small, confined element and not a full film can be studied.

Another approach to fabricate soft X-ray transparent samples is to use focused gallium
ion beam (Ga FIB) milling in combination with mechanical grinding to remove substrate
material until the samples are transparent in the soft X-ray regime [13-18]. While this
technique marks an important milestone for X-ray transmission experiments, it is at the
same time severely limited by the relatively low milling speed of the Ga FIBs used. The
pre-processing for the Ga FIB milling typically involves mechanical planar grinding of
the whole sample to a thickness of below 100 um, followed by a local thickness reduction
to several micrometers with a dimple grinder. At the center of this emerging dimple, the
remaining material is then removed with a Ga FIB until a local window with a thickness of
below 1 um is fabricated.

Here, we show that by the use of a xenon (Xe) Plasma FIB (PFIB), for which more
than 10 times faster milling speeds are possible [19], we can simplify and extend the
Ga FIB window milling technique described above. As a result of these faster milling
speeds, the samples may have a thickness prior to the FIB step from around 50 pum to
more than 100 um, depending on the actual milling properties of the material. Therefore,
the dimple-grinding step can always be omitted and we can instead work with a plane
substrate, and for sufficiently thin substrates even the initial grinding step would not
be necessary anymore. Moreover, we present an approach to indirectly determine the
soft X-ray transparency of the milled windows during the PFIB fabrication process by
making use of the scanning electron microscope (SEM) column the PFIB two-beam system
is equipped with. We illustrate the feasibility of our method by scanning transmission
X-ray microscopy (STXM) measurements.

2. Materials and Methods

The standard sample system considered here comprises a thin film grown on a bulk
substrate. Nevertheless, it is possible to process bulk samples as well, with the moderate
disadvantage that the sample will be directly affected by the Xe* ions. For processing
with the Xe PFIB, we found that the substrate should typically have a thickness between
50 um and 120 um. Thinner samples are fragile and need additional support for processing,
while for thicker ones milling problems such as redeposition become an issue. The actual
thickness can be chosen depending on the milling speed of the specific material. Double-
polished commercial substrates are often available for the thickness range given, which
means that no additional processing is necessary before the PFIB milling. Otherwise the
substrate material has to be removed mechanically prior to the PFIB step. For this purpose,
we glue the sample onto a glass support using a thermoplastic polymer (Crystalbond™
509, flow point 120 °C) with the film facing towards the glass, as shown in Figure 1a. The
sample is then lapped in an Al,O3 abrasive (12 um) until the desired thickness is reached
(see Figure 1b). After the lapping, the sample is polished using a suspension containing
6 um diamonds to reduce the surface roughness. The sample is immersed in acetone
to finally remove it from the glass support. In case of non-conducting substrates, a thin
(~10 nm) film of a conducting material is deposited prior to the PFIB milling in order to
reduce the charging (see Figure 1c).
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Figure 1. Thinning process. (a) Thin film (red) grown on a substrate (grey) is glued onto a glass support (blue). (b) In the

mechanical lapping/polishing step, part of the substrate is removed to a total thickness between 50 pm and 120 pum. (c) For
the PFIB processing, the sample is removed from the glass and a conductive layer (orange) is optionally deposited. (d) More
material is selectively removed with the Xe PFIB in the desired areas of the sample until a final thickness of the order of

several hundreds of nanometers is reached in these windows. (e) SEM image of a window milled into STO taken at a tilt of

55° with respect to the surface normal.

For the PFIB processing, we use a Tescan Fera3 Xe PFIB-SEM equipped with a high-
resolution scanning electron microscope (SEM) column and a high-resolution plasma FIB
(so called HR-iFIB) column. We use an acceleration voltage of 30 kV and currents of up
to 1 pA for the Xe ions. Thus, it is possible to mill windows with areas extending to
100 pm x 100 um (see Figure 1d). An SEM image of such a window, milled into a 50 pm-
thick commercially available SrTiO3 (STO) substrate, is shown in Figure le. This secondary
electron detector image is taken at 55° tilt (with respect to the surface normal), which
corresponds to the milling position as it provides normal incidence of the Xe beam onto
the sample. It can be seen that the Xe PFIB milling results in a plane and smooth surface,
which is essential to achieve the final thicknesses of below 1 um. To achieve such smooth
surfaces, it is beneficial that the current density distribution of the Xe PFIB beam has a
wider maximum when compared to the more sharply peaked Ga FIB beam.

For our X-ray transmission measurements, we use STXM [20], in which monochro-
matic soft X-rays are focused by a Fresnel zone plate onto the sample with a spot size of
approximately 25 nm in diameter. An avalanche photodiode is used to detect the photons
transmitted through the sample. To form a two-dimensional image, the sample is raster
scanned through the beam.

3. Results and Discussion

One of the main challenges in the fabrication of X-ray transparent windows is to
accurately stop the milling process at a thickness in the range of a few hundred nanome-
ters. Ideally, the thickness should already be determined during the fabrication process
so that the milling can be adapted. To achieve an empirical in-situ transparency level
determination, we correlate the transparency for soft X-rays with that for electrons from
the SEM available in two-beam PFIB-SEM systems. For that purpose, the sample has to be
mounted so that the electrons can be transmitted through the milled area, which means
that the sample holder must not shadow the path on the opposite side of the column. In
that respect, we designed a dedicated sample holder that allows for mounting samples
down to about 2.5 mm X 2.5 mm (see Supplementary Material for the details of the design).

Even though direct electron transmission measurements are not possible due to
geometric restrictions, we can correlate the brightness of a milled area with its transparency.



Crystals 2021, 11, 546

40f7

This is possible because—as the milled window becomes thin enough for the primary
electrons to pass through—secondary electrons can also be created at the back side of the
window and reach the detector. To this end, we milled several windows with slightly
different depths into a 50 pm-thick STO substrate, as shown in the SEM image at 30 kV
in Figure 2a. For STO, we found a working rate of approximately 0.25 um®/nC. Thus,
in practical terms, milling one of these individual windows of 80 um x 80 pum lateral
size, using a 600 nA Xe* ion beam, takes less than 40 min. The SEM image is taken at
normal incidence to the surface to be able to fully image the inside of the milled windows.
Afterwards, we measured the X-ray transmission at 1 keV through each window. By doing
so, we obtained the relative X-ray transmission rates, ranging from 100% (corresponding to
a hole) to about 1%. In the following, we exemplarily focus on the windows marked by the
red and blue boxes in Figure 2. The window in the red box exhibits an X-ray transmission
of about 50% with respect to the unattenuated beam, while the window in the blue box
transmits less than 20% of the X-rays. While such a difference is hard to infer from the
electron image at 30 kV (Figure 2a), the correlation with the electron transparency becomes
apparent when we look at SEM images at lower electron energies. For a 20 kV acceleration
voltage (Figure 2b), a difference in brightness between the two windows is visible. This
becomes even more distinct at a lower energy of 15 kV (Figure 2c), where the red-framed
window shows a bright spot, whereas the blue-framed window is not transparent for the
electrons anymore. The bright halos around the windows stem from charging where the
conductive coating on the non-conductive substrate has been removed by the halo of the
PFIB beam.

(c) 15 kV

@ |

Figure 2. SEM images, acquired with the secondary electron detector, of windows with varying
thicknesses in a 50 pm-thick STO substrate at different electron acceleration voltages. (a) Overview
of windows at 30 kV. The windows in the red and blue boxes are additionally shown for 20 kV (b)
and 15 kV (c).

While these findings on the correlation between electron and X-ray transparency
cannot be directly generalized to other substrates and thin film systems, they serve as a
guideline and might require adaptation to specific samples. We demonstrate such adaption
by means of a second sample system: A Ga-doped Y3Fe501, (YIG) film of 150 nm thickness
on a Gd3GasOq; (GGG) bulk substrate. This sample was first lapped to a thickness of
approximately 120 pm. Subsequently, a window was milled into the substrate using a Xe
PFIB. The initial lateral size of the window was 100 pum x 100 um, which was reduced
to about 50 pm x 50 pm during the milling process. Starting with a larger than required
window size reduces redeposition effects during the final milling steps on such thick
substrates. We found an approximate working rate of 0.3 um?3/nC for GGG. This given, a
window similar to the previously shown STO ones (80 um x 80 pum size into a 50 um-thick
substrate) requires approximately 30 min of milling time using a 600 nA Xe* ion beam.
The SEM image of the final window taken with the secondary electron detector at 10 kV is
shown in Figure 3a.
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Figure 3. Comparison of transmissivity between electrons and soft X-rays of a Ga-doped YIG film grown on GGG.
(a) Scanning electron micrograph at 10 kV. (b) STXM image of the detail indicated by the red square in (a) taken at the Fe L3
edge. (c) X-ray transmission spectrum at the Gd M5 edge taken at the thinnest position indicated by the blue circle in (b).
(d) Logarithmic transmittance of the window taken at 1150 eV. The blue and dotted green circles indicate the points for the
thickness calculation.

We then use STXM to image the milled window in the second sample. At the thinnest
region, an area of at least 25 um X 25 pm is transparent for X-rays at the Fe L3 absorption
edge at ~708 eV (Figure 3b). The STXM image corresponds to the area marked in red in
the SEM image. When comparing the two images, one sees that areas of a bright grey
level exist in the SEM image. These areas also appear as bright regions in the STXM image,
which means that they are thinner than the surrounding parts. Nevertheless, spectroscopy
measurements at the Gd M5 edge (Figure 3c), where the intensity drops by a factor of
more than 50, demonstrate that even in these thinnest regions Gd is still present, which
means that there is GGG substrate remaining everywhere. The absolute thickness of the

remaining substrate can be estimated using the Beer-Lambert law I} = Iy x e 4 [21-23].
For this purpose, we measured the incoming (Iy) and transmitted beam (I;) at a photon
energy of 1150 eV. A corresponding logarithmic transmittance image is shown in Figure 3d.
The 150 nm-thick Ga-doped YIG film transmits approximately 71% of the incoming beam
and the GGG substrate has an absorption length A of 0.335 um [24]. This leads to a GGG
thickness of approximately 100 nm at the thinnest point and of approximately 500 nm at a
thicker point, indicated in Figure 3d by the blue and dotted green circle, respectively. These
calculations additionally confirm that the PFIB only milled into the substrate while the thin
film is not directly affected by the ion beam. Here, another advantage of using Xe* ions
for the milling becomes obvious: they have a lower penetration depth than conventionally
used Ga ions at the same energy. For the case of GGG, the penetration depth is 11 nm for
Xe* ions compared to 14 nm for Ga™ ions, as calculated by SRIM [25]. The white spots in
the STXM image are Fe-depleted film areas that do not originate from the PFIB milling.
The tapered diagonal dark contrast structure in the STXM image stems from a microwave
antenna, which was lithographically patterned onto the Ga:YIG film after the PFIB milling
step and which is therefore not present in the corresponding SEM image. The comparison
shows that even though a large area of the window is suitable for soft X-ray transmission
measurements, there are small variations in thickness that already can be observed in the
SEM image during fabrication, such that the milling could be adapted in situ.

4. Conclusions

We presented an approach to fabricate soft X-ray transparent windows out of bulk sub-
strates with the use of a Xe PFIB, which benefits from the more than 10 times faster milling
speeds compared to Ga FIBs. This allows us to employ plane substrates with thicknesses
of the order of 100 um prior to the PFIB milling, substantially simplifying the fabrica-
tion process. Xe PFIB facilitates the fabrication of windows as large as 100 um x 100 pm,
while plane and smooth surfaces are obtained despite the high milling speeds. To esti-
mate the transparency level of the milled windows during fabrication, we correlate their
transparency for electrons at different energies with their transmissivity for X-rays. We
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References

demonstrate the feasibility of our approach by performing STXM imaging on a sample
obtained by the method described. The use of a Xe PFIB for milling soft X-ray trans-
parent windows is widely applicable to materials that cannot be grown on amorphous
SiN window substrates, especially for situations where large areas or multiple windows
are needed.
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