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Edge-illumination x-ray phase contrast imaging (EI XPCI) is a non-interferometric phase-sensitive
method where two absorption masks are employed. These masks are fabricated through a photolithog-
raphy process followed by electroplating which is challenging in terms of yield as well as time- and
cost-effectiveness. We report on the first implementation of EI XPCI with Pt-based metallic glass
masks fabricated by an imprinting method. The new tested alloy exhibits good characteristics includ-
ing high workability beside high x-ray attenuation. The fabrication process is easy and cheap, and can
produce large-size masks for high x-ray energies within minutes. Imaging experiments show a good
quality phase image, which confirms the potential of these masks to make the EI XPCI technique
widely available and affordable. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4989700]

. INTRODUCTION

An alternative approach to x-ray attenuation imaging,
called x-ray phase contrast imaging (XPCI), has generated
a new trend in the area of x-ray imaging and microscopy
in last two decades.'™ This technique provides complemen-
tary information about structures that create measurable phase
shifts of x-rays upon interaction but do not necessarily exhibit
detectable absorption differences. It has demonstrated superior
contrast and visibility compared to conventional absorption x-
ray imaging and has shown potential in many applications from
biomedicine to materials science.* Among different XPCI
methods,” !> we focus on the edge illumination (EI) tech-
nique,'? which could extend the capability of extracting phase
information to common laboratory x-ray sources.'* This exten-
sion, sometimes referred to as coded-aperture (CA) XPCI,
has a non-interferometric nature with a simple setup.'> In this
method two sets of absorption gratings, usually called masks,
are used to implement the edge illumination condition with
incoherent and polychromatic x-ray sources over large field of
views (FOVs) (see Fig. 1). These masks can be created as one-
dimensional'® or two-dimensional patterns'’ to produce phase
sensitivity in one or two directions, respectively; asymmetric
mask designs can also be realized to obtain multi-modal (atten-
uation, phase, dark-field) images through a single scan for the
sample or by sacrificing some degree of spatial resolution in
non-scanning systems. '8

As can be seen in Fig. 1, the pre-sample mask acts as an
array of apertures and creates small beamlets incident on the
detector mask, which blocks part of the radiation impinging
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on the detector pixels. The magnified pitch of the pre-sample
mask is matched to the pitch of the detector mask. The rela-
tive displacement of two masks along the x-axis results in an
illumination fraction which determines the phase sensitivity
of this XPCI system and allows phase signal extraction from
only two complementary positions of those masks.!”

The common fabrication procedure for these masks con-
sists of a photolithography process followed by electroplating
where heavy elements such as gold are usually used.”® A num-
ber of techniques have been proposed to fabricate x-ray absorp-
tion gratings/masks as well as increase their performance, most
of which were through the Lithography, Electroplating, and
Molding (LIGA) process.>!~>* They have mainly attempted
to increase the height to pitch ratio (aspect ratio) or field of
view of gratings but realizing both goals at the same time has
posed severe difficulties.”>~2° In fact, the smaller the pitch of
these gratings, the more the fabrication process becomes diffi-
cult in electroforming since achieving a uniform and relatively
defect-free pattern requires considerable time and cost. Espe-
cially high x-ray energies demand higher aspect ratios and
therefore, producing high yield gratings in desired large size
is still challenging, even for large pitches.

However, a few other approaches have been suggested
for grating fabrication. In a study, a hard x-ray multiple slice
was proposed through a stacked-sliced technique for grating
interferometry, where Al and Ta foils were used.’? Also a
multilayer deposition approach has been reported to achieve
x-ray gratings with a sub-micron pitch but low aspect ratio
and small area.’! In a work, an imprinting method was pro-
posed to fabricate low cost Pd-based metallic glass absorption
gratings in a fast manner.’> Another research work used Gd to
produce absorption grating for the x-ray and neutron grating
interferometry.>> Some researchers adopted a micro-casting
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FIG. 1. A schematic setup of an extended edge-illumination x-ray phase
contrast imaging system (i.e., coded-aperture XPCI).

approach to produce x-ray absorption gratings with bismuth
at low cost.>*3>

In this paper, we present the first EI XPCI system built with
metallic-glass masks fabricated by an imprinting machine.
Also for the first time, Pt has been used as an excellent x-ray
absorber in the fabrication of x-ray gratings for phase imag-
ing purposes. The masks were produced within a few minutes.
The process can be used to fabricate thick masks suitable for
imaging large samples at high x-ray energy and low cost as
well.

Il. FABRICATION TECHNIQUE

The fabrication process was based on imprinting, which
is a well-established method for manufacturing compact
disks (CDs), digital versatile disks (DVDs), diffraction grat-
ings, and polymer components.*® Nanoimprinting represents
the fabrication of micro- and nano-devices by embossing
features from a hard mold onto thermoplastic materials
such as metallic glasses in their super-cooled liquid region
(SCLR).37-38

In this work, two absorption masks were designed accord-
ing to an EI XPClI system described in Sec. III. The fabrication
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procedure was performed in two steps. In the first step, two Si
wafers with a thickness of 200 um and diameter of 10 cm
were prepared and processed through the inductively coupled
plasma (ICP) etching. In this process, two masks were pat-
terned with a depth of 43 um and a 40 x 40 mm? area on which
pitches of 72 yum and 106 um were created for the pre-sample
and detector mask, respectively.

In the next step, the metallic glass material was prepared.
The alloy PtgoNij5Ps (density =~ 12.51 g cm™3) was made by
inductively melting pure elements of Pt, Ni, and P in quartz
tubes. Then, the alloy was exposed to a fluxing treatment pro-
cess. BoO3 was added to the alloy and heated up to about
900 K for 60 min. One reason to select this composition is
its high content of Pt which can absorb x-rays effectively and
is thus well suited to be used in x-ray absorption gratings;
another reason is its high workability at the minimum vis-
cosity of ~105° Pa s in the supercooled liquid temperature
region. This property provides higher formability compared to
other previous attempted alloys like Gd-based metallic glass
(Gd-MG).*? In other words, Pt-MG requires less pressure and
temperature than Gd-MG and thus can remain in the glassy
state instead of turning into a crystal. However, Gd-MG would
be crystallized in high temperatures and need higher pressures,
which may lead to the breakage of the machine’s plate or
mold.

Glassy ribbons with a thickness of ~40-50 ym and width
of ~10 mm were prepared in an argon atmosphere by the single
roller melt spinning technique.

The imprinting process was performed using a nanoim-
printing machine. The 10 x 45 mm? Pt-based metallic
glass ribbons were placed on the mold and sandwiched
by two ceramic heaters. Then, they were heated up to
300 °C and pressed into the mold under a load of 2 kN
(~5 MPa) in an inactive gas ambient. Figure 2 represents
the schematic of the mask fabrication process. Some addi-
tional finishing treatments such as surface polishing can
be performed to enhance the masks’ uniformity and x-ray
transmission.

lll. EXPERIMENTAL TEST

To examine the performance of the fabricated masks, a
coded-aperture imaging system was set up according to the

FIG. 2. A schematic fabrication process of CA masks:
(a) substrate preparation using a positive photoresist and
subsequent selective UV exposure, (b) pattern transfer on
the wafer, (c) ICP etching, (d) photoresist removal and
mold preparation, (e) imprinting the metallic glass into
the mold.
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FIG. 3. The output of an x-ray source (in arbitrary unit) with a tungsten target
and molybdenum filter at 30 kV.

design parameters, as depicted in Fig. 1. A micro-focus x-ray
source (Hamamatsu Photonics L9181S) was employed with a
tungsten target. The tube was operated at 30 kV,, and 300 uA.
The largest available focal spot size of 40 um was selected.
A molybdenum sheet (0.050 mm) was used to give a mean
spectral energy of approximately 17.5 keV. The output of the
used x-ray energy spectrum has been simulated as shown in
Fig. 3.

The fabricated pre-sample mask and detector mask were
placed at about 84 cm and 124 cm from the source, respectively.
A scintillation detector (Spectral Instruments 1000 series) was
placed closely behind the detector mask. The thickness of the
scintillator Gadolinium oxysulfide (GADOX) was 40 um, cou-
pled to a CCD chip of 4096 x 4096 pixels by 1:2 fiber bundles.
The effective pixel size was 18 um.

After alignment of the masks, the pre-sample mask was
translated relative to the detector mask along the x-axis by 4 um
increments to obtain the illumination curve of this system over
an entire pitch. Four different rubber cylinders were selected
as samples for testing these new masks at 30 kV,. The sample
was placed immediately downstream the pre-sample mask.
Two image frames were acquired at opposite positions on the
illumination curve (see Fig. 5), each corresponding to 50% of
illumination fraction. These two frames were used to retrieve
the absorption and differential phase images through the curve
inversion method.>

IV. RESULTS AND DISCUSSION

Figure 4(a) displays the 3D image of a Si mold obtained by
a laser confocal microscope. A scanning electron microscopy
(SEM) image of the Pt-metallic glass mask fabricated by
the imprinting method is shown in Fig. 4(b). The full pen-
etration of the metallic glass into the Si mold and suc-
cessful realization of the masks were verified by the SEM
image.

Figure 5 shows the illumination curve measured with
this setup, which confirms the reasonable performance of this
preliminary fabricated mask. Results of the experimental
imaging test performed with the imprinted masks are pre-
sented in Fig. 6. In this figure, the retrieved absorption and
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FIG. 4. (a) 3D image of an ICP etched Si mold (close to an edge)
obtained by a laser confocal microscope. The pitch of the mask pattern
is 72 um and its depth is 43 um. (b) SEM image of a CA mask fabri-
cated by imprinting the Pt-metallic glass material into the prepared mold
in (a).

differential phase images of four types of rubber cylinders are
displayed.

In some cases, there may be a few microns of the metal-
lic glass layer left on the masks’ surface [see Fig. 2(e)]
which would lead to hardening of the x-ray beam, and
thus affect the image contrast. These are because of the
decrease in the refractive index with x-ray energy as well
as of increased offset in the illumination curve. This addi-
tional layer can be easily removed by fine polishing the mask
surface, which also makes it more uniform and reduces the
potential unwanted refraction from irregularities on the mask
surface itself. If the metallic glass material has already crys-
tallized, the mask surface can still be treated with an Ar-
ion milling machine. Furthermore, by separation of the Si
mold from the absorbing septa through an etching process or
thinning the Si mold, as described in previous studies,?>>
it would be possible to eliminate another source of extra
absorption.
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FIG. 5. Measured illumination curve (dots) and interpolated curve to the data
points (solid line) for the EI XPCI system.
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FIG. 6. X-ray absorption (a) and differential phase (b) image of four different
rubber cylinders of NBR-70-1, FKM-70, polyurethane, and VMQ-70, respec-
tively from left to right, which were acquired with an EI XPCI system based
on the new fabricated metallic glass masks.

V. CONCLUSION

In this work, the possibility of using metallic glass masks
for EI XPCI was studied. For this purpose, two absorption
masks were fabricated from a Pt-based metallic glass material
through an imprinting process. Compared to previous metal-
lic glass gratings used in another XPCI method (i.e., x-ray
grating interferometry), the alloy takes advantages from plat-
inum, which leads to higher x-ray attenuation as well as higher
glass formability. The latter characteristic facilitates the mask
fabrication in lower pressures and temperatures, while prac-
tically poses no limits on the pitch, depth, or FOV of such
masks. The only parameter that restricts the mask area is the
size of the head and plate of the imprinting machine. Since
there are already machines with large head sizes, the fabrica-
tion of masks for desirable imaging size is technically feasible.
Another vantage point of the adopted method is that it can be
implemented within a few minutes even on large mask areas
with high metallic glass thicknesses. It should also be noted
that this method is very cost-effective. This is very important
when compared with the fabrication process commonly used
to produce micro-structured absorption gratings, e.g., gold
electroplating, which is time-consuming, expensive, and less
efficient, particularly for large fields of view and high aspect
ratios. We performed an imaging experiment with the fabri-
cated masks by including them in an EI XPCI (CA XPCI)
system in order to test the performance of the system with
those masks. Absorption and differential phase images were
successfully retrieved from frames acquired with this setup.
The experimental results demonstrated the potential applica-
tion of this method for fabricating CA masks with the desirable
quality in large FOVs at low cost in future.
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