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We present a general approach to thin bulk samples to transparency for experiments in the soft
x-ray and extreme ultraviolet spectral range. The method relies on mechanical grinding followed
by focused-ion-beam milling. It results in a uniformly thin area of high surface quality, suitable for
nanoscale imaging in transmission. In a proof-of-principle experiment, nanoscale magnetic bits on
a commercial hard drive glass disk are imaged with a spatial resolution below 30 nm by soft x-ray
spectro-holography. Furthermore, we demonstrate imaging of a lithographically patterned test object
via absorption contrast. Our approach is suitable for both amorphous and crystalline substrates and
has been tested for a variety of common epitaxy growth substrates. Lateral thinning areas in excess of
100 um? and a remaining substrate thickness as thin as 150 nm are easily achievable. Our approach
allows preserving a previously grown thin film, and from nanofocus electron diffraction, we find
no evidence for morphological changes induced by the process, in agreement with numerical sim-
ulations of the ion implantation depth distributon. We expect our method to be widely applicable
and especially useful for nanoscale imaging of epitaxial thin films. Published by AIP Publishing.
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. INTRODUCTION

Nanoscale spectro-microscopy utilizing soft x-rays has
evolved to an important tool in nanoscience for the investi-
gation of samples with structure size or inhomogeneity down
to the 10 nm level. The use of soft x-rays with wavelengths
between 10 nm and 1 nm (i.e., roughly between 100 eV
and 1000 eV photon energy) is of particular importance as
they provide unique spectral information due to comparably
small lifetime widths of the accessible core levels, result-
ing in the possibility to obtain spectroscopic contrast based
on atomic species, chemical as well as magnetic state, and
topography. To obtain such contrast, the photon energy can-
not be chosen at will but must be tuned to be in resonance
with a suitable electronic transition, which for all light ele-
ments and many useful resonances of heavier elements is in
the soft x-ray domain. Both full-field and raster imaging tech-
niques are frequently used in the transmission mode, due to
(i) the possibility to probe buried structures via the combina-
tion of bulk sensitivity and atomic selectivity, (ii) the photon-in
photon-out advantage of being able to measure in applied
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electrical or magnetic fields and without detrimental effects
associated with photoemission-induced charging, and (iii) the
technical advantages of operating symmetrically around the
optical axis, allowing for high spatial resolution in full-field
approaches. Examples for such soft x-ray transmission tech-
niques with spatial resolutions approaching approximately
10 nm are Transmission X-ray Microscopy (TXM),"? Scan-
ning Transmission X-ray Microscopy (STXM),> Fourier
Transform X-ray Holography (FTH),* and Coherent Diffrac-
tive Imaging (CDI).> As the exit wave of the incident radi-
ation after passage through the sample is detected, all these
approaches require suitable soft x-ray transparency of the sam-
ple to be investigated. Depending on the material and the
wavelength used, the attenuation length is typically found to
be between 20 nm and 1 wm in the soft x-ray regime.

This requirement has severely hampered nanoscale imag-
ing and spectroscopy for many material classes in the past. For
example, the vast material class of epitaxial thin films has not
been accessible in transmission (spectro-)microscopy. The lat-
tice constants of the film to be grown dictate the use of suitably
matched growth crystals which are generally macroscopic in
thickness and hence opaque to soft x-rays. Photoemission elec-
tron microscopy (PEEM) with soft x-ray excitation has been
able to fill this gap for such systems where surface sensitiv-
ity is advantageous® but also comes with restrictions regarding

Published by AIP Publishing.



103701-2 Fohler et al.

suitable samples and sample environments. Of particular inter-
est are complex oxides and materials with strong electronic
correlation, where unique functionalities such as low temper-
ature superconductivity or colossal magnetoresistance exist.
Here, epitaxial growth is mandatory to control the material
properties as well as possible. At the same time, due to the
complex phase diagram with competing phases, nanoscale
inhomogeneity in the form of domain formation and phase
separation is suspected to crucially influence the macroscopic
properties. For the special case of perovskite membranes, the
production of free-standing films via sacrificial water-soluble
layers has recently been reported, illustrating the importance
of obtaining access to epitaxial thin films in transmission
experiments.’

Here, we report on a general thinning approach, appli-
cable to samples grown on both crystalline and amorphous
bulk substrates with nanoscale soft x-ray imaging applica-
tions in mind, where transparency is required over a lateral
extent of a few micrometers. In a proof-of-principle experi-
ment, we demonstrate the suitability for transmission imaging
with X-ray Spectro-Holography,® focusing on thin magnetic
films. However, the proposed preparation method is also capa-
ble of producing larger membrane areas as required in Soft
X-ray Transmission Microscopy, Soft X-ray Spectroscopy,’
and Small-Angle X-ray Scattering (SAXS).!0

Il. SAMPLE PREPARATION METHOD

The thinning procedure combines a two-step wet grinding
technique, adapted from Transmission Electron Microscopy
(TEM) plan view specimen preparation,'!> with custom
Focused-Ion-Beam (FIB) milling. 3 1n Fig. 1, we illustrate the
processing steps of our preparation technique. In the first step,
the thin film to be ultimately investigated is protected dur-
ing the thinning procedure via coating with a PMMA film of
about 400 nm thickness. After the mechanical thinning pro-
cedure, this film will be removed by dissolution in acetone.
The protective PMMA layer is robust enough to allow the fix-
ing of the sample with the growth side carrying the thin film
to a standard glass cylinder [Fig. 1(a)] using a thermoplastic
polymer (Crystalbond, 120 °C). Disk grinding with a lubricant

]
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100 nm
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containing 15 um diamond abrasive particles is used to reduce
the substrate thickness to around 80 um [Fig. 1(b)]. Next, dim-
ple grinding with a flat bronze wheel and felt wheel, using 3
pum and 1 um diamond lubricants, respectively, under a con-
tact pressure of 20 g is employed to thin the sample down to
a remaining 8 um thickness at the lowest point of the dimple
[Fig. 1(c)]. An optical microscope is used to check the sam-
ple thickness. The sample roughness is reduced using alumina
polishing suspension on a fresh felt wheel for around 15 min-
utes. To reduce mechanical tension on the thin sample region,
a silicon frame surrounding the dimple region is glued to the
substrate side of the sample prior to separating the specimen
from the glass cylinder by acetone [Fig. 1(d)]. Depending on
the compatibility of the thin film growth process with such a
pre-thinned substrate, the thin film growth can also be carried
out at this stage.

Thinning to soft x-ray transparency is carried out with
30 kV focused Ga* ions under Scanning Electron Microscopy
(SEM) control in a FEI Helios NanoLab 600 dual beam instru-
ment. To avoid charging problems in insulating or badly con-
ducting substrates deteriorating both FIB patterning resolution
and SEM process control, a thin conductive layer (e.g., Cr or
amorphous carbon) is deposited on the dimpled sample sur-
face prior to FIB milling, reducing electron transport paths
between this conductive layer and the Ga* interaction region
to the micron scale. FIB milling can then be used to thin the
substrate to a desired remaining thickness below 1 pm over
a lateral extent easily in excess of 100 um? [Fig. 1(e)]. The
desired membrane thickness is achieved by both prior milling
of test areas and measuring the SEM contrast change between
the thinned area and surrounding substrate in SEM images of
the film side opposite to the dimple. At this stage, the thinned
sample can be used for a variety of soft x-ray experiments in
transmission, including time-resolved spectroscopy as well as
spectro-microscopic imaging.

lll. PREPARATION OF SAMPLES
AND EXPERIMENTAL DETAILS

We demonstrate the approach using spectro-holography
with soft x-rays in order to image magnetic domains in a

600 um

magnification

400 nm I |

Il.3 pum
Bl sl 0

FIG. 1. Schematic illustration of the steps involved in the sample preparation process. (a) Growth substrate (blue) with thin film layer of interest (red). The thin
film layer is protected by a PMMA layer (green) before the sample preparation holder (gray) is applied. (b) Substrate back-thinned by plane disk grinding and
(c) dimple grinding. (d) A silicon frame (purple) surrounding the dimple area is applied to increase mechanical stability before the sample holder is removed.
(e) Using FIB milling, the substrate is thinned down further to a membrane area. (f) A Cr/Au multilayer coating (yellow) is applied to be used for the FTH mask
with an object hole and a reference through hole. The object area is thinned down further to the final substrate thickness.
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commercial magnetic data storage medium via a transmission
measurement using X-ray Magnetic Circular Dichroism
(XMCD) contrast at the Co L3 absorption edge. The sample
is a piece of an off-the-shelf 2.5 in. HGST Travelstar Z5K500
family hard disk drive consisting of a glass disk of 642 um
thickness coated with a CoCrPt-based thin film stack which
can be assumed to be similar to perpendicular recording media
described by Piramanayagam et al.'* A magnetization test pat-
tern was written using a conventional read/write head of a
Scanning Magnetoresistive Microscope (SMRM).!> The pat-
tern consisted of magnetization transitions with pitch sizes
continuously varying from 30 nm to 210 nm in the y-direction
(down-track), which were repeated over an area of about 100 X
100 um?.

To define a Fourier Transform X-ray Holography (FTH)
geometry,®1%!7 the final FIB thinning step was interrupted
when the sample had 1.5 um thickness and a soft x-ray mask
consisting of a Cr/Au multilayer with 1.3 um thickness was
deposited. Subsequently, circular object apertures with 1.5 pm
diameter were patterned, with a target value of 700 nm remain-
ing glass substrate thickness, corresponding to approximately
50% transmission at 1.59 nm wavelength. Use of soft x-rays at
this wavelength is required to obtain XMCD contrast at the Co
L3 absorption edge in order to image the test pattern. Finally,
apertures to define the reference beam for holography were
written as through holes in the vicinity of the object apertures
[Fig. 1(f)].

Spectro-holographic imaging of this sample was carried
out at the PO4 beamline at the PETRA III synchrotron source.
The hologram was recorded on a 4M-pixel in-vacuum back-
illuminated charge-coupled device (CCD) camera. Blocking
the intense radiation on the optical axis with a central beam-
stop allowed us to record the hologram modulations to high
momentum transfer despite the CCD’s limited dynamic range.
Holograms were recorded with positive and negative circular
polarization, each 100 accumulations of 0.95 sec exposures,
with the difference of the polarizations carrying the magnetic
information.® The reconstruction of the real-space image was
obtained via a 2D Fourier transform of the hologram and
free-wave propagation along the optical axis to the thin film
sample plane.'®!”

In the second test, utilizing absorption contrast rather than
XMCD, a gecko-shaped test pattern was deposited on a crys-
talline MgO(100) substrate using electron-beam induced Pt
deposition from organic precursor molecules. Due to the depo-
sition process, the approximately 50 nm thick test object is
estimated to consist of only 20-50 at.% Pt, with the remain-
der being carbon from the precursor molecules.”’ After the
mechanical grinding process, FIB thinning was used to pro-
duce a thinned area of 30 x 30 um? with a remaining thickness
of around 200 nm before the test pattern was deposited. Here,
the object hole in the 1.3 um thick Cr/Au multilayer defining
the field of view had a diameter of 3 um. Holographic imaging
was carried out at the U41-PGM beamline of the BESSY II
synchrotron source at 1.75 nm wavelength.

We have tested the applicability of our approach for var-
ious commonly used crystalline growth substrates. With the
mechanical grinding steps using diamond abrasive particles
being almost universally applicable for crystals, we focus
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on the possibility to perform the crucial final thinning via
FIB milling. We compare the results of material removal on
SrTiO3(100), Si(100), MgAl,04(100), Al,03(0001), Gd3;Gas
O1»(111), and LiF(100) on a 20 x 20 Mmz test area. Thinning is
carried out via FIB milling with gallium ions in the FIB/SEM
dual beam instrument. Again, a thin conducting layer of car-
bon was deposited on the samples prior to FIB milling. A Ga*
current of 19 nA at 8 kV acceleration voltage has been used
with the same total dose per area of 23.2 nC/um? for each
sample, which would equivalently allow us to mill approxi-
mately 40 um deep into polycrystalline gold. SEM images of
the resulting areas have been taken to check milling uniformity
and measure the resulting depths.

Especially for epitaxially grown samples, potential dam-
age of the crystal structure of the thin film or the adjacent
substrate layers during the final FIB thinning step is a con-
cern. We have investigated such potentially detrimental effects
in a magnetite (Fe3O4) film of 71 nm thickness, grown via
molecular beam epitaxy on a SrTiO3(100) substrate (in the
following abbreviated as STO). In this case, the mechanical
grinding steps were carried out prior to MBE growth while all
FIB milling steps were performed after the magnetite film had
been grown on the substrate. The STO substrate was thinned
to a final thickness of 150 nm over an area of 40 x 40 p,mz,
again using 30 kV Ga* ions. Simulations of the Ga* depth
distribution after implantation using the SRIM software pack-
age,’! neglecting channeling effects, predict that Ga* ions after
30 kV acceleration are deposited in a range up to 17 nm, sug-
gesting that thinning to remaining substrate thicknesses of
100 nm should be possible without deteriorating the crystal
structure in the region of relevance. To analyze the crys-
tallinity of the film, electron diffraction was carried out on a
FIB-generated cross-sectional lamella of the magnetite film
grown on STO, using a 200 keV beam of the TEM.

IV. RESULTS AND DISCUSSION

InFig. 2, we present a comparison of the magnetic domain
test pattern obtained via SMRM imaging prior to the thin-
ning procedure [Fig. 2(a)] and as obtained via FTH after the
procedure as described above [Fig. 2(b)]. Note that the repre-
sentative area shown in the SMRM image is not necessarily
identical to the field of view in the FTH image. The FTH

Sy
.,

FIG. 2. Comparative magnetization images of the test pattern written on a
conventional HDD medium obtained via (a) SMRM, prior to back-thinning
preparation and (b) reconstruction of the soft x-ray FTH measurement on the
back-thinned sample.
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FIG. 3. Images of a gecko-shaped absorption test pattern obtained via
(a) SEM imaging and (b) reconstruction of the soft x-ray FTH measurement.
The circular aperture in the Au/Cr layer defining the field of view for FTH is
on the opposite side of the sample and hence not visible in the SEM image.

reconstruction clearly reproduces the regular bit pattern in
all detail down to the smallest pitch of 30 nm. Furthermore,
the x-ray holography image allows us to discern curved bit
boundaries caused by the write head field shape' as well as
intra-bit magnetic structures such as small areas pinned in the
opposite magnetization direction. These details are barely vis-
ible in the SMRM images due to (i) the elongated size of the
tunnel magnetoresistive sensor in the cross-track (x) direc-
tion and (ii) the fact that the SMRM detects the magnetic
stray field above the sample. In contrast, FTH in transmis-
sion geometry measures the projection of local magnetization
of the entire depth of the magnetic film. The results show that
the bit pattern was not altered during the thinning procedure
and that high resolution transmission imaging with sub-30 nm
resolution through the thinned substrate is possible with our
approach.

Results from the Pt/C test pattern are shown in Fig. 3,
comparing the SEM image to the reconstruction from FTH.
While SEM shows sample topography as reflected in the
detected secondary electron yield, the transmission hologram
reflects the absorption through the entire sample but is inher-
ently high-pass filtered due to the use of a central beam
stop when recording the hologram. This could be avoided
in future experiments via a detector with a higher dynamic
range or by extending the dynamic range via composite

Rev. Sci. Instrum. 88, 103701 (2017)

TABLE I. Resulting milling depth and depth profile, obtained from SEM
images, listed with the corresponding crystals bandgap energy (experimental
values) for common epitaxy growth substrates.

Crystal Bandgap  Milling

Figures  Material  orientation  (eV)  depth (um) Depth profile
4(a) SrTiO3 (100) 3.25 4.6 Homogeneous
4(b) Si (100) 1.12 8.1 Homogeneous
4(c) MgAl,Oy4 (100) 7.8 3.0 Homogeneous
4(d) Al O3 (0001) 7.6 2.5 Homogeneous
4(e) Gd3;GasOyp,  (111) 5.66 6.5 Homogeneous
4(f) LiF (100) 13.6 1.2 Inhomogeneous

holograms. The image of the object via FTH reveals all
details of the test pattern down to the smallest feature sizes
of 70 nm.

In Table I, we list the milling uniformity and resulting
depths for the crystal FIB thinning comparison. For all tested
crystals with the exception of LiF, an even material removal
is controllably achieved (Fig. 4). We expect charging effects
due to the exceptionally large bandgap of 13.6 eV in LiF to be
the reason for the inhomogeneous milling behavior observed
in this case. This means the important final FIB thinning step
will work with most common crystalline substrates.

In Fig. 5(a), we present a TEM dark-field image of the
FIB-generated cross-sectional lamella of the magnetite film
grown on STO, with the probe beam for electron diffraction
covering the magnetite film and the adjacent substrate as indi-
cated. The resulting diffraction pattern is shown in Fig. 5(b).
We observe a pattern clearly corresponding to a predominantly
monocrystalline structure of both the magnetite film and the
STO substrate, where the distinct reflections can be easily
indexed. A small displacement of the STO and Fe3O4 peaks
in reciprocal space reflects the lattice mismatch between both
materials. The dislocations caused by this mismatch show up
as grainy structure in the dark-field TEM image. Obviously,
the crystallinity of the sample layer has not been destroyed
during the FIB processing steps, as expected from the SRIM
simulations.

FIG. 4. SEM images of FIB substrate
thinning test for (a) SrTiO3(100),
(b) Si(100), (c) MgAl,04(100),
(d) Al,03(0001), (e) Gd3GasOj,(111),
and (f) LiF(100). All crystals tested
allow for smooth FIB milling, with LiF
being the only exception. SEM images
are recorded with a viewing angle tilted
52° with respect to the sample normal,
depth measurements listed in Table I
have been corrected for this angle.
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diffraction [-242] [242]

Pt (e-beam dep.)

Pt (ion beam dep.)

In summary, we have demonstrated a widely applicable
method to thin crystals and other macroscopic growth sub-
strates to soft x-ray transparency, based on a combination
of mechanical and ion beam thinning. Our approach does
allow us to carry out soft x-ray spectroscopy and imaging
experiments on thin epitaxial films in transmission, which have
so far not been generally accessible by bulk sensitive spectro-
microscopy techniques. We demonstrate that the proposed
method works for a variety of commonly used crystals for epi-
taxial growth and show that thinning down to 150 nm substrate
thickness is feasible without detectable damage in the crys-
tallinity of the thin film or the adjacent growth substrate. Apart
from the study of epitaxial thin films, our procedure also facil-
itates the investigation of functional nanoscale structures as
found in many application environments, as demonstrated by
high resolution holographic imaging of magnetic bits written
on a commercial hard disk drive. Note that for such amorphous
substrates, anisotropic etching approaches are not a patterning
alternative. We expect the suggested technique to be of partic-
ular use in the study of nanoscale domain formation and phase
separation in complex materials. This includes in particular
oxidic materials, where on one hand, macroscopic properties
are suspected to be linked to nano- and meso-scale ordering
phenomena,’”> while on the other hand, bulk information is
desirable due to common stoichiometry variation in the top-
most atomic layers. We would like to point out that the study
of dynamic phenomena on the nanoscale such as the formation
of transient phases’®>’ or non-local phenomena mediated, e.g.
by hot electron transport,”®-3? will be greatly facilitated by our
approach as it is fully compatible with the use of femtosecond
soft x-ray pulses at free-electron lasers or high harmonic gen-
eration sources.’!3 As, in particular, high harmonic sources
are becoming much more widespread and progress from the
extreme ultraviolet into the soft x-ray regime,** we expect
the proposed procedure to facilitate a variety of investigations
of nanomaterials in the near future.
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