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Abstract. We describe the rationale for selecting graphite as a substrate material suitable
for manufacturing curved high-aspect ratio metallic x-ray gratings and experimentally validate
that its properties satisfy requirements relevant for clinical phase-contrast and dark-field x-ray
imaging. Selection criteria applied to two candidate materials graphite and polyimide were
compliance to bending, mechanical tenacity of the attachment of the lamellar grating structure
to the substrate, the substrate material’s x-ray robustness, and the compatibility with the x-ray
LIGA process used to manufacture the grating structures. In contrast to other standard materials
such as silicon wafers with titanium layer, graphite wafers could be bent to smaller radii and
are natively electrically conductive. While polyimide wafers allowed for even smaller bending
radii, we found their high risk of grating structure detachment to be a strong detractor. Minimum
achievable bending radii were 55 and 70 mm for pure graphite wafers and graphite wafers with
mounted grating structure, respectively. Electron microscopy of graphite surface and cross-
sections revealed a fine porous structure conducting to a very stable metal-wafer interface.
Grating structures with heights of more than 200 ym were bonded to graphite wafers and their
integrity confirmed in flat as well as in bent state using microfocus x-ray imaging. We con-
clude that graphite is a very well-suited substrate material for manufacturing curved x-ray
gratings. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0 International
License. Distribution or reproduction of this work in whole or in part requires full attribution of the origi-
nal publication, including its DOI. [DOI: 10.1117/1.JMM.21.2.024901]
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1 Introduction

Clinical diagnostic x-ray imaging is currently based on the principle of differences of x-ray
attenuation between tissues. Whereas attenuation contrast is often insufficient to allow differ-
entiation between tissues such as cancer lesions in soft tissue or pathologic changes in the lung,
research points to phase-contrast, and dark-field x-ray imaging as an option to overcome this
limitation, with clinical' as well as industrial applicability.® Currently, the most promising tech-
nology to do phase contrast and dark-field imaging is interferometry using a Talbot—Lau
interferometer, which requires microstructured gratings.”®

In this technique, differential changes to the x-ray phase induced by the tissues or materials
passed through by the x-ray beam are transferred to an intensity pattern that can then be detected
by a conventional x-ray detector. Three x-ray optics microstructure gratings are needed for a
Talbot-Lau interferometer. The first grating (source grating) is located close to the x-ray source
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and creates spatial coherence of the radiation emitted by the source. The second grating (phase
grating) periodically shifts the phase of passing x-rays, resulting in a so-called Talbot pattern
behind this grating, with the property that at a certain distance (fractional Talbot distance) the
grating maps into a periodic intensity pattern. Since the period of the pattern is in the range of
a few micrometers, but conventional x-ray detectors have pixels of 100 gm X 100 gm or more, a
third grating (analyzer grating) is needed with a period matching that of the Talbot pattern. The
periods of the gratings are in the range of a few micrometers. The x-rays used range from a few
10 to over 100 keV, depending on the application. For lung screening or computer tomography,
the energies should be well above 60 keV. The attenuating lamellae of both the source and
analyzer grating need to be sufficiently x-ray opaque. Even with the most strongly attenuating
materials with usable mechanical properties, a grating height of several hundred micrometers
is required to achieve suitable opacity. The resulting aspect ratio of more than 100 places high
demands on the production technology of the microengineered gratings. An additional boundary
condition is that the gratings are used in a setup with a conically radiating x-ray tube. A high-
aspect ratio grating close to the tube will therefore cause x-ray shadowing outside a very small
field of view at the beam center unless the grating lamellae are focused onto the x-ray focus point
[Fig. 1(a)]. Such high-aspect ratio x-ray gratings can be produced by x-ray lithography,” deep
reactive ion etching,'®!! or by metal assisted chemical etching.'? All of these processes are per-
formed on flat substrate. To avoid shadowing effects, several solutions exist [Figs. 1(b)—(d)]: on a
flat substrate, each grating lamella are inclined as a function of the x-ray incidence angle
[Fig. 1(b)]; on a flat substrate, lamellae direction follows the needed radius of curvature
[Fig. 1(c)]; the flat substrate with the lamellae is bent to the desired radius of curvature
[Fig. 1(d)]. Concerning the first solution, a recent study demonstrates the fabrication of fan-
shaped source gratings by modulating the electric field during the deep reactive ion etching
of silicon.'*!* Our fabrication process being the x-ray lithography, this could be performed using

Standard grating
—shadowing effect

(d) &/\/ . Curved grating

Fig. 1 (a) Shadowing effect with a cone beam x-ray source. (b) On a flat substrate, the lamellae
are inclined as a function of the x-ray incidence angle (fan-shaped grating). (c) On a flat substrate,
the lamellae direction follows the needed radius of curvature (edge illumination). (d) The substrate,
together with the grating lamellae, is bent with the radius corresponding to the placement distance.
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an x-ray source (cone beam); in this case, the working mask with higher absorber should be
manufactured using this technique. For such processes, studies are ongoing.'” The second
method can already utilize the full precision of the current state-of-the-art lithographic
process.'® However, only a very limited field of view in the vertical direction can be achieved
which corresponds to the lamellae height (only some few 100 pum). In this article, focus is placed
on the third method where the x-ray grating is made on a flat substrate and subsequently bent to
the desired radius. Especially for the source grating, which has a distance of only a few cen-
timeters to the focal spot of the x-ray tube, this is challenging. In addition, the proximity to the
tube also places a high thermal load on the grating, leading to strong temperature fluctuations
during operation. Furthermore, the x-ray exposure itself may lead to material changes over time.
To ensure a reliable commercial use of the process, it must be guaranteed that the grating can
withstand these stresses for years (desirably 10 years). The described gratings are currently
fabricated using the direct deep x-ray LIGA process: x-ray deep lithography and electroplating
in gold. Usually, the polymer (also referred to as resist) remains after electroplating to ensure
sufficient stability of the fine metal walls. The standard substrate used is a silicon wafer with a
titanium coating. Previous investigations have shown that 200- or 550-um thick silicon breaks
when bent with a radius of around 10 cm and is therefore not suitable as a substrate. The first
orientating tests showed that carbon or substrates made of x-ray resistant polymer can be used for
this purpose.!” However, even if an x-ray resist is used as the mold for electroplating, it is known
that the plastic degrades and becomes more brittle with increasing radiation exposure. Since it
must be assumed that the degradation will lead to a change in the x-ray optical behavior of the
grating structures and a deterioration of the image quality, it will probably not be advisable to
leave the plastic inside the structure. Removal is affected by a plasma process called stripping.

Further investigation was necessary to show whether the metallic grating lamellae with their
base width of a few micrometers maintain their adherence to the substrate in the interface under
bending stress. In addition to the bending stress, the removal of resist is of concern for the
mechanical stability. Since it can be surmised that the quality of the interface between metallic
lamellae and the substrate is decisive for adhesion, mechanical interlocking could be advanta-
geous compared with a purely chemical bond. In the following, we present an SWOT analysis
(strengths, weaknesses, opportunities, and threats) of the otherwise suitable substrate types. For
the strongest contender, the bending limits, materials porosity, and the interface between the
metal lamellae and the substrate are studied. In the following, the gratings used are “bridge”
type; a small photoresist area (the bridge, 1 to 2 ym long) connects photoresist lamellae for
improved mechanical stability also during the electroplating step. Consequently, these regions
will not be electroplated and thus represent openings in the final grating state, when the resist is
removed. Results of corresponding experimental tests are presented for a source grating with a
period of 7.72 ym source grating with a bending radius of 12 cm are presented.

2 Selection of Substrate Material

Concerning the deep x-ray LIGA process, 525 um silicon 4-in. wafers with a coated metallic
layer (either with 2.5 ym titanium, or a few 10 nm Cr/Au) are typically used. They have very
limited potential for bending, as they will break already for large radii. By reducing the thickness
to 200 um, or even to 100 um, the bending capability increases, but at the expense of robustness.
They are extremely fragile and very often break during the fabrication process. Other candidates
are polyimide and graphite wafers; an SWOT analysis comparing graphite and polyimide is
presented in Table 1, where the three first lines indicate their properties in terms of thickness,
x-ray attenuation, and conductivity (is a conductive layer needed or not? and if yes which one).
The threats of both materials are comparable in severity in the sense that realization of either
threat would render the grating unusable. With respect to opportunities, the radii that can be
achieved with polyimide are smaller than those for graphite, which opens the opportunity for
a wider range of applications. However, in view of fully stripped grating, the weakness of poly-
imide concerning the structure adhesion problem and its deterioration during plasma etching is
rated more severely toward the threat of grating destruction. Thus, graphite is chosen here as the
preferable substrate material.
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Table 1 X-ray lithography: SWOT analysis for substrates.

Graphite

Polyimide

Thickness
X-ray attenuation

Conductive layer

200, 500, 1000 um
Low

None

500 and 1000 gm
Low

CrAu, conductive lack

Strength Bendable, rough surface, conductive, Very bendable, very small radii in
very strong interface, no additional principle
dose by secondary radiation'®
Weakness Inhomogeneous and porous which Not conductive; need sputtering steps,
leads to resist spin coating problems or conductive lack. No strong adhesion
and can make production challenging of conductive layer. Polyimide will be
deteriorated by plasma etching resist
removal
Opportunities Superior durability leading to lower Wider range of applications
maintenance effort
Threats Destruction due to breaking for small Detachment of the conductive layer

and destruction due to loss of adhesion
to the structure

radii and/or defects in the material

2.1 Analysis of the Substrate/Grating—Method Used

First, the mechanical stability of the chosen substrate material was tested. Measurements to
establish bending limits were carried out using a four point flexural test setup according to DIN
EN 843-115" on a Texture Analyzer (TA.XTplus, Stable Micro Systems, Godalming, Surrey,
United Kingdom) with a custom-made bending head (Fig. 2). As graphite is a brittle material and
cannot be expected to be very homogeneous, this method was chosen over a three-point bending
setup to distribute the stress more homogeneously over the sample length.

Studies on the materials porosity and the interface between the metal lamellae and the
substrate were performed using cross-sections of the respective parts. For the cross-sections,
an JEOL Ion Beam Cross Section Polisher (CP) was used (JEOL, Peabody, Massachusetts).
Inspection of the cross-sections was carried out using a Zeiss Supra scanning electron micro-
scope. All high aspect-ratio test grating samples were fabricated using the state-of-the-art x-ray
LIG(A) technique; the exposures were performed at the KIT synchrotron facility KARA.

The x-ray properties of the gratings were investigated using a simple x-ray transmission setup
comprising of a microfocus x-ray tube with output power-dependent focal size of 6 to 100 ym
(Kevex PXS1065W, Thermo Fisher Scientific, Scotts Valley, California), sample holder, and an
x-ray detector with an active area of 100 X 50 mm? and a pixel pitch of 48 um (Shad-o-Box
2048 EV, Rad-icon, Santa Clara, California) (Fig. 3).

Fig. 2 Custom head for the four-point bending process. The two inner pressure points have a
distance of 2 cm. The two outer pressure points have a distance of 4 cm. The pressure rolls are
movable and allow for an even placement of the sample.
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Micro focus X-ray tube

—

Fig. 3 X-ray test setup.

Measurements of the gratings in flat and bent states were carried out at tube voltages ranging
from 20 to 130 kVp and up to 500 xA tube current. An additional tube-side filtration of 1 mm
aluminum was used.

2.2 Graphite Properties

Graphite as a material offers a variety of the desired properties for source gratings. It is highly
transparent for x-rays and is bendable. Further, depending on the grain size, graphite has a fine
porous structure with a rough surface ideal for achieving a strong adhesion of the grating lamel-
lae as these can be mechanically linked into the surface. In addition, graphite is a natural con-
ductor. Therefore, a conductive coating layer for the electroplating step is not needed. For this
work, the EDM-AFS grade carbon (OCB) was used.”” This type of graphite promises an average
grain size of 1 um, a flexural strength of 100 MPa, and is available in various sizes and custom
shapes. Four-inch wafers with thicknesses of 1000, 500, and 200 um were used. Thickness var-
iations were specified to be within 20 for 1000 gm and 15 gm for 500 and 200 um, respectively.
Electron microscopy of the bare-material cross-sections revealed that indeed the material had a
very fine structure with visible grains in the order of 1 um. The distribution homogeneity of
the pores with sizes between 2 and 5 ym was found to be very even, thus promoting sufficient
penetration of the resist layer into the substrate surface during grating production [Fig. 5(a)].

2.2.1 Bending

To investigate the limits of bending of the graphite type, the four-point bending setup was used
till the breaking point with slices of different wafers. For all thicknesses, initially a set of 10
samples for each thickness was used from the wafers center that would normally be housing
the grating. Each sample was then bent with the minimal possible speed of 0.1 mm per second
in a continuous mode. The results are presented in Table 2. The 10 X 200 ym samples, however,
could not be bent meaningfully as their breaking point is found to be lower than the minimal
radius of 2 cm from the four-point bending head. At this point, it is necessary to note that it
turned out during the grating production that the 200 um graphite wafers are actually too flexible
for high aspect ratio grating. The thin graphite deforms greatly in the process due to resist shrink-
age of the photo resist layer. Therefore, these wafers were excluded in all further investigations.

Table 2 Minimal mean radii for bend graphite stripes. All results are
way below 10 cm. The maximum radius indicates the extreme value
that was found during the measurement and is an estimation of the

upper limit.

Graphite Mean flexural Mean Maximum

thickness (um) strength (MPa) radius (cm) radius (cm)
1000 + 20 120.5+5.8 56+0.3 6.9 +0.47
500 + 15 105.5 £ 5.6 5.1+0.23 6.5+04

200 £ 15 — <2 <2
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The measured values for flexural strength of 500 ym wafer are in good agreement with the
claims of the supplier, while the value for 1000 ym being 20% larger. This gives the emphasis
in using the 500 pym wafer for grating production.

To test the bending limits with the grating lamellae, the same bending process as before was
applied to two gratings (graphite thickness 500 pym). The heights of these gratings after produc-
tion were 150 ym with a lamella width of 2.4 ym and a duty cycle of 0.5 (period is 4.8 pm). The
test was conducted in unstripped as well as in stripped state. In this experiment, bending was
performed in stepwise fashion to detect potential early detachment. This setup allows for a flex-
ible investigation of the bent area. During bending, detachment was not observed; some distorted
lamellae at the outer edges were present but as a result of resist stripping [Fig. 4(a)]. The resulting
final radii, presented in Table 3, are only slightly larger than the previously established values for
the pure graphite and well below 10 cm.

Fig. 4 (a) Bent stripped x-ray grating. Only single lamellae at the outer edges are deformed. No
visible detachment is occurring. (b) Interface of the unstripped sample close to the breaking edge.
The grating lamellae are overall well attached to the graphite surface. (c) Lamellae graphite inter-
face for stripped grating after bending till the breaking point. The lamellae are tilted in the direction
of the breaking edge but are almost entirely attached to the graphite surface. (d) Partially lifted
lamella. The lamella base is entirely connected to graphite broken of the surface. (e) Completely
broken out lamella. The lamella has a thick layer of graphite attached to its base that is broken out
of the graphite bulk.
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Table 3 Minimal bending radii for x-ray gratings (graphite thickness
500 um). Both results are below 10 cm.

Breaking radius Breaking radius
(resist stripped) (cm) (resist nonstripped) (cm)
6.0+ 0.4 71+£04

Both samples were inspected afterward with SEM. The unstripped sample was found to have
no further detachment [Fig. 4(b)] except in the immediate surrounding of the breaking edge. The
stripped sample, on the other hand, exhibited lamellae distortion in the direction of the breaking
force as expected. However, the interface was found almost entirely intact, and the lamellae were
still connected to the surface [Fig. 4(c)]. In case of partially or fully detached lamellae, grains of
graphite were found broken out alongside and were tightly attached to the bottom end of the lamel-
lar structure [Figs. 4(d) and 4(e)]. From the cross-section studies, the interface is here already known
to be deeply interconnected. Therefore, this can be interpreted as a breaking of the graphite bulk.
In this case, the limiting factor for the grating concerned the mechanical stability of the graphite.

2.2.2 Interface

When this graphite type was used in actual grating production, no additional layer was placed
between the lamellae and the wafer material, and the resulting interface could be inspected on a

‘Resist
u .

IMTIKIT

Fig. 5 Electron microscopy images of the cross-section of graphite AF5 OCB. (a) A fine homo-
geneous porous structure is present. The overall grain size was found to be in the order of 1 um,
with pore sizes between 2 and 5 um. (b) Interface cross-section (red oval mark). (c) Magnification
of (b): the black bars inside the graphite bulk indicate the resist penetration. The gold brighter
spots inside the pores indicate the deepness of the lamellae base.
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Fig. 6 (a) and (b) Metal lamellae on metal coated polyimide surface. In contrast to graphite, the
interface (red oval mark) is not anchored into the surface. The resist is removed.

polished cross-section. The interface proved to be very strong as the metal lamellae and the
surrounding resist structure were embedded into the surface to a depth of at least 5 and 10 um,
respectively [Figs. 5(b), and 5(c)]. In contrast, the same deep interconnection could not be
achieved with a polyimide substrate as no porous structure is present. The lamellae stood directly
on the very thin conductive surface layer [Figs. 6(a) and 6(b)].

3 X-Ray Imaging of Gratings

A source grating with an area of 2.1 X 2.1 cm?, period of 7.72 ym, duty cycle 0.7, and a gold
absorption thickness of 220 ym was designed. The source grating was placed near the source,
with a bending radius of 12 cm. The sample was first imaged in a flat state [Fig. 7(b)] and after-
ward carefully placed in a stainless-steel bending holder with 12 cm bending radius [Fig. 7(a)];
the lamellae were pointing toward the bending radius center [Fig. 7(c)]. After the measurements
in the unstripped state, the resist was removed and the sample measured again. Figure 8 shows
typical results of the experiment. Small errors that can be seen on the flat samples are attributed
to defects already present on the mask.

All images were taken at 70 kVp and 200 mA with a focal spot size of about 20 ym. The
images are normalized using flat field and dark field. In the flat state and closer to the x-ray
source (12 cm), the typical shadowing is present leaving only the center region illuminated
[Figs. 8(a) and 8(a")]. It is already visible that the grating quality is degraded after stripping
the resist. This is more visible by increasing the distance x-ray source-grating; the shadowing
vanishes but the defects, such as cracks already present in the unstripped state, are more

(@)

Fig. 7 (a) Stainless-steel bending holder with a radius of curvature of 12 cm at the interface with
the lamellae pointing to the center of the radius as shown in the illustration (c). (b) Test grating in
flat state. The small vertical lines are errors present already at the fabrication mask.
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Fig. 8 X-ray images of the substrate-mounted grating. The left side (a to d) corresponds to the
grating in a nonstripped state; the right side to the grating with fully removed resist (a’ to d’). (a) and
(a’) The grating is flat, the distance grating-x-ray to source is 12 cm. (b) and (b’) The grating is flat,
the distance to source is 66 cm. (c) and (c’) The grating is bent with 12 cm radius of curvature, the
distance to source is 12 cm. (d) and (d’) Measured transmission profiles of the bent gratings in
arbitrary units.

pronounced [Figs. 8(b) and 8(b")]. By bending the grating corresponding to the 12 cm distance to
the x-ray source, the lamellae pointing toward the bending radius center, there is a compression
of the resist and lamellae, and the gaps between them (cracks) will be minimized; the grating
quality in the bent state increase [Fig. 8(c)]. The transmission is almost constant along the x-axis
(axis orthogonal to the lamellae direction), which demonstrates the capability of the grating/sub-
strate to be curved [Fig. 8(d)]. After removing the resist, the cracks visible in the flat state are
again present in the curved state [compare Figs. 8(b’) and (c’)]. These results were reproduced
using another grating; in all cases, no problems occur concerning the bending of the graphite
substrate; the grating x-ray transmission is more homogeneous across the whole grating when the
resist is not removed.

4 Conclusion

In summary, we demonstrate the advantages of using graphite as wafer material for the produc-
tion of bent x-ray gratings. Using 500-um thick graphite wafers of type AFS OCB, the maximum
curvature (minimum radius of curvature) is <10 cm. Furthermore, the porosity offers a very
important anchoring of the structures with the substrate, which is a guarantee of great stability.
If the resist is not removed, the quality in terms of x-ray transmission of the curved grating is
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even improved. By removing the resist, in view of long-term use to meet industrial requirements,
the adhesion of the structure is still good enough, but the overall quality, even if satisfactory for
phase contrast imaging, is degraded; our results are hence limited. Currently, we proceed with
increasing the structure stability by connecting them with bars.?!
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