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ABSTRACT

Off-plane reflection gratings require high-fidelity, custom groove profiles to perform with high spectral resolution
in a Wolter-I optical system. This places a premium on exploring lithographic techniques in nanofabrication
to produce state-of-the-art gratings. The fabrication recipe currently being pursued involves electron-beam
lithography (EBL) and reactive ion etching (RIE) to define the groove profile, wet anisotropic etching in silicon
to achieve blazed grooves and UV-nanoimprint lithography (UV-NIL) to replicate the final product. A process
involving grayscale EBL and thermal reflow known as thermally activated selective topography equilibration
(TASTE) is also being investigated as an alternative method to fabricate these gratings. However, a master
grating fabricated entirely in soft polymeric resist through the TASTE process requires imprinting procedures
other than UV-NIL to explored. A commerically available process called substrate conformal imprint lithography
(SCIL) has been identified as a possible solution to this problem. SCIL also has the ability to replicate etched
silicon gratings with reduced trapped air defects as compared to UV-NIL, where it is difficult to achieve conformal
contact over large areas. As a result, SCIL has the potential to replace UV-NIL in the current grating fabrication
recipe.

Keywords: X-ray optics, diffraction gratings, off-plane gratings, spectroscopy, nanofabrication, electron-beam
lithography, thermally activated selective topography equilibration, substrate conformal imprint lithography

1. INTRODUCTION

X-ray spectroscopy has been proven to be an extremely important aspect of high energy astrophysics. In
addition to providing a powerful tool for performing diagnostics in astrophysical plasmas, high-resolution X-ray
spectroscopy has direct applications to several key scientific issues including making measurements of the Warm-
Hot Intergalactic Medium, determining elemental abundances in the local interstellar medium and studying
dynamics in active galactic nuclei. The majority of astrophysically abundant X-ray spectral lines exist below
2 keV, at soft X-ray energies, necessitating the use of diffraction gratings to perform high-resolution spectroscopy.
The grating spectrographs onboard XMM-Newton and the Chandra X-ray Observatory have resolving powers
(A/AMX) on the order of several hundred and have provided large amounts of scientific return. Future X-ray
observatories will require advanced spectrographs with A/AM of a few thousand to make significant improvements
in X-ray spectroscopy and to address future scientific problems.

Due to the wavelength scale of soft X-rays, suitable reflection gratings must feature finely repeating groove
structures that are periodic on the order of hundreds of nanometers or less. Though traditionally handled by
mechanical ruling engines, fabricating gratings that push the state-of-the-art and will make significant advance-
ment in the capabilities of future X-ray spectrographs requires utilizing techniques in the area of nanofabrication.
This paper discusses the design of next-generation off-plane reflection gratings and outlines a fabrication recipe
that consists of electron-beam lithography and multiple etching processes to create a master, carried out at the
Pennsylvania State University Materials Research Institute, and an imprinting procedure for replication, pro-
vided by an external vendor. It also discusses the prospect of using techniques involving grayscale electron-beam
lithography, selective thermal reflow and an alternative imprinting procedure to fabricate these gratings.
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Figure 1. Left: The off-plane grating geometry.>® X-rays are incident at an angle « relative to the direction of the
grooves at a grazing angle v and diffracted to an angle 3, forming a conical pattern. Right: Radially ruled, blazed
off-plane gratings. Grooves are designed to match the converging beam of a telescope of some focal length and blazed to
form a saw-tooth pattern with angle §. Diffraction efficiency is maximized when o = 8 = 6.

2. OFF-PLANE GRATING SPECTROGRAPHS

The implementation of grazing incidence optics is key to realizing a modern X-ray telescope. For example,
XMM-Newton and Chandra both employ a set of nested Wolter-I optics (a primary parabolic mirror, followed by
secondary hyperbolic) with focal lengths of several meters. Planar reflection gratings can be integrated into such
an optical system by being positioned to intercept the radiation coming to a focus. A detector, such as a CCD
camera, placed at the focal plane can then be used to image the dispersed spectrum. Many spectrographs use
classical, or ‘in-plane’, reflection gratings where the grooves are nearly perpendicular to the incoming radiation.
However, gratings designed for conical, or ‘off-plane’; diffraction (Fig. 1) have several attractive features.! First,
there is minimal groove shadowing at grazing incidence angles resulting in high diffraction efficiency. In addition,
they feature lower scatter, have better spectral coverage than in-plane gratings, and have the potential for high
resolving power. Further, off-plane gratings can be tightly packed into an array, offering an efficient way to be
paired with Wolter-I optics in an X-ray telescope, to maximize collecting area for spectroscopy.

The location of diffracted orders for an off-plane grating is described by the generalized grating equation:

nA

sin(a) + sin(B) = Zsm(7)

(1)
where « is the incidence angle, § is the diffracted angle and ~ is the grazing angle, which defines the half angle
of the cone aperture (see Fig. 1, left). Further, n is the diffracted order number, A is the wavelength of the
incident X-rays and d is the regular spacing between grooves so that G = 1/d is the groove density. In an
off-plane grating spectrograph, the grating grooves are oriented quasi-parallel to the optical axis of the telescope,
termed the 2’ direction. X-rays incident on the grating at a given 2z’ coordinate along the grating will travel a
distance L to the focal plane. Although diffracted orders lie on the surface of a cone, A-dependent dispersion
can be shown to occur only in the ' direction (in the plane of the grating, but perpendicular to the direction
of the grooves). Then, linear dispersion in 2’ at the focal plane for a given n is proportional to L and G. In
a space-borne off-plane grating spectrograph, the focal length, and hence L, may be limited to several meters.
As a result, groove densities G of 5,000 grooves/mm or more (d = 200 nm or less) are required to achieve high
spectral resolution (A/AM of a few thousand) in such a spectrograph system.
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In principle, gratings with parallel grooves lead to aberrations when dispersing a spectrum from a converging
beam of radiation.* This can be remedied by designing off-plane gratings that have a radially ruled groove profile
such that G linearly increases in the 2’ direction, along the length of the grating (Fig. 1, right). From the above
discussion L = L(z’) while G stays constant for a parallel ruled grating; this leads to varying linear dispersion
at the focal plane. With a radially ruled grating, the G = G(z’) dependence compensates for the L(z’) variation
that arises from a broad, converging beam incident on the grating. Additionally, the radially ruled grooves match
the convergence of the telescope such that « stays constant over the length of the grating, eliminating further
aberrations. In practice however, such a radial profile is usually approximated with an off-plane variable line
space (VLS) profile consisting of several sections of parallel grooves with increasing G toward the focal plane.
The fidelity of this approximation is limited by minimum tool step size (typically at the sub-nm level), which
directly translates to Ad between each section of grooves.

Achieving high throughput (system effective area of several hundred cm?) in an off-plane grating spectrograph
requires hundreds, or even thousands of gratings to be stacked and aligned in modular arrays.® Each grating thus
should be relatively large in area (several tens of cm?) and perform with excellent diffraction efficiency. Gratings
with groove facets blazed to a triangular saw-tooth profile (Fig. 1, right) will preferentially disperse X-rays to one
side of zero order, effectively doubling signal-to-noise in the detected spectrum with half the number of necessary
detector elements. Additionally, the blaze angle § can be chosen to maximize efficiency at a certain bandpass
when in Littrow configuration: o = 8 = §. This bandpass is centered on the blaze wavelength given by

Ny = 2d sin(7) s1n(5). (2)

n

To prevent scatter from degrading performance of the grating, facet surfaces must be smooth to 1 nm RMS or
less. Further, any bow in the figure of these gratings will induce a local change in pitch or roll, which must be
kept within alignment tolerances. The figure of each grating should thus be as flat as possible, which is largely
dependent on the type of substrate employed. All of this considered, the performance of an off-plane grating
spectrograph depends heavily on how the gratings are fabricated in the cleanroom. The general course of action
is to fabricate a master grating template featuring radially ruled, blazed grooves with high density and implement
a procedure for producing replicas that will be stacked and aligned into modular arrays.

3. GRATING FABRICATION

Fabrication procedures for X-ray diffraction gratings have evolved significantly in recent years. Gratings with a
sinusoidal groove profile can be fabricated using holographic lithography.® Due to the simultaneous nature of
this patterning method, large area gratings are readily producible. However, because a curved groove pattern is
produced when the recording lasers are offset, it is not possible to produce a radial profile with this technique.
Parallel ruled gratings fabricated through this technique have been flown in aligned modules on several sub-orbital
rockets.” 1% These gratings can be blazed to an approximate triangular profile with ion-etching.'’ However, these
types of gratings have been found to exhibit significant amounts of scatter.!? Further, groove density is limited
by the wavelength of the recording lasers used. These limitations led to the development of a recipe based in
anisotropic etching and the investigation of techniques involving grayscale electron-beam lithography.

3.1 Anisotropic etching

Anisotropic etching processes in monocrystalline silicon (Si) have previously been used to fabricate blazed re-
flection gratings for X-ray telescope applications.?3 13715 Multilayer coated blazed gratings for monochromator
applications have also recently been fabricated in a similar manner.'® The central step in manufacturing these
type of gratings is performing an anisotropic wet etch in Si with potassium hydroxide (KOH) over long, narrow,
rectangular areas which define the placement of grooves for the final product. KOH etching in Si is based on the
principle that etch rates in the crystal for (100) directions are much higher than (111) directions, where (hkf) are
Miller indices. The result of such an etch is a collection of long, atomically smooth troughs defined by exposed
{111} planes. These troughs, which provide the blazed profile for the grating, appear as a triangular saw-tooth
when viewed side-on. The angular orientation § of these groove facets is set by choosing an appropriate off-axis
cut Si wafer for etching.®'”'® To define the placement of these grooves, a pattern must be created in a thin film
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Figure 2. Outline of fabrication recipe for gratings based on KOH etching in crystalline Si to produce blazed groove
facets. 13715 A laminar grating pattern (i.e. a square wave), defining the off-plane VLS groove profile, is patterned into
EBL resist. This pattern is transferred into the thin SiN, film below via RIE. The underlying Si wafer is KOH etched
through this groove pattern to create blazed groove facets defined by (111) crystallographic orientations. The etched
Si master is replicated with an imprinting process provided by Nanonex Corporation, and each is coated for soft X-ray

reflectivity.

of material which is insoluble in KOH, such as a silicon nitride (SiN,). One approach in producing this pattern
is to perform a reactive ion etch!'® (RIE) in a fluoroform (CHF3) and oxygen (O3) mixture to achieve a controlled
anisotropic etch through the SiN, film. However, due to the global nature this dry etching process, the desired
pattern must first be defined in a layer of polymeric resist on top of the film. There are a variety of lithographies
apt to produce such a pattern in resist, including interference lithography'®
(NIL) and electron-beam lithography?! (EBL). IL has been used to accurately pattern parallel grooves for this
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purpose'® 15 but it is not straightforward to produce a VLS profile through this technique. Thermal NIL (T-NIL)

has been used to pattern a custom off-plane VLS profile in resist with a pre-master fabricated by LightSmyth
Technologies? 3*. However, in addition to it being a challenge to align the pre-master with the crystallographic
planes of Si, defects from the imprinting process have been observed. Though time-consuming and hence ex-
pensive for large areas, EBL is a well-established technique for directly writing custom patterns into resist, such
as a VLS groove profile.!® Additionally, there is potential for implementing a procedure to align EBL design

coordinates with exposed crystallographic plane intersections.

The fabrication recipe currently being pursued, outlined in Fig. 2, first uses EBL to pattern laminar grooves
in a ~100 nm thick layer of ZEP520A resist, spun onto a 6” Si wafer that is coated with ~30 nm of SiN,. An
off-plane VLS profile, approximating radially ruled grooves, is written over a 96 mm by 75 mm area (72 cm?).
A Vistec EBPG 5200 EBL tool is used to write several sections of parallel grooves with groove spacings ranging
from d = 160 nm to d = 158.25 nm, in steps of Ad = 0.25 nm. An O RIE descum process is then performed to
remove residual resist in these troughs. This way, a clean etch through the SiN,
a RIE with CHF3 and Oz, which exposes the surface of the Si wafer. A piranha etch (mixture of sulfuric acid

*http://www.lightsmyth.com/
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and hydrogen peroxide) is carried out to remove the remaining resist, leaving just the patterned SiN, film on
the Si wafer. After native silicon dioxide (SiOz) is removed with a hydrogen fluoride (HF) dip, a timed KOH
etch is performed to achieve the blazed saw-tooth pattern for the grating. Removing the SiN, with HF leaves
an etched Si master grating template suitable for replication. Currently, this master template is replicated via
UV-NIL?? through Nanonex Corporation’ in a proprietary UV-curable resist on a UV-transparent fused silica
substrate. A benefit of imprinting on a fused silica substrate is that, in contrast to standard Si wafers, they
are often flat enough for off-plane grating alignment tolerances® (typically <2 pm peak-to-valley for 6” wafers).
Finally, each replica is coated with a chromium/gold layer for reflectivity at soft X-ray wavelengths and the
process is complete.

3.2 Grayscale electron-beam lithography

Grayscale EBL (GEBL) is a technique used to directly pattern nm-sized 3D structures in polymeric resist.
In contrast to standard EBL which involves just two doses Dy = 0 (unexposed) and D ey (dose-to-clear)
to pattern bi-level structures, GEBL uses a range of doses Dy < D < Dgear to achieve resist thicknesses
between the deposited spin coat layer and the surface of the substrate to produce a 3D structure such as a
staircase?® (see Fig 3, left). Then, such a stepped structure can be smoothed into a wedge-like structure through
the process of thermally activated selective topography equilibration?* (TASTE). Based on polymer thermal
reflow,2°~2" TASTE hinges on the principle that for a positive tone resist, electron dose D locally reduces the
average molecular weight M., of the polymer chains throughout the depth of the resist and hence the glass-liquid
transition temperature T, of the material (see Fig 3, right). When heated above Ty, the resist is able to flow
with a M,,-dependent viscosity. Consider a staircase structure consisting of an unexposed region with spin coat
thickness hg, N electron-exposed steps with thicknesses h; (where i is an integer between 1 and N), and a region
that has been cleared to the substrate with h = 0 (see Fig. 3 for N = 3). GEBL exposure causes M, of the
unexposed resist, M, o, to be significantly higher than any of the exposed steps with M,, ;. As a result, T} of the
unexposed resist, Ty o, also will be higher than any of the exposed steps with T ;. For poly(methyl methacrylate)
(PMMA)?427 and ZEP520A28 resist systems, there exist process windows for the entire sample to be globally
heated to a temperature T o > Tiefiow > Tg,1 S0 that the exposed steps with thicknesses h; will flow into a
smooth surface while the unexposed steps with thicknesses ho remain largely unaffected. By patterning such
staircase structures regularly spaced at a pitch d over a large area, and thermally treating the entire sample (see
Fig. 4, left), TASTE has the potential for the fabrication of a master grating template.

In TASTE, the exposed resist is heated to a temperature Ty o > Tiefow > Ty,1 Where it is able to flow
according to a visco-elastic behavior.?®3? As gravity can be neglected on the small size scales considered,
evolution of the molten polymer, pinned between the unexposed step and the substrate, is dominated by surface
tension forces.?:3%:31 During this reflow process, wetting forces at the polymer-substrate interface drive the
molten polymer to creep along the substrate. At this interface, there is an apparent contact angle that evolves
during the reflow process.?®3° The optimization of this contact angle should be of interest when fabricating
a groove facet with blaze angle § via TASTE. In addition to flatness considerations discussed in section 2,
the choice of substrate used for the process therefore becomes important when considering the wetting forces
involved. Further, the speed of the reflow process depends on the viscosity of the molten polymer, which in
turn depends on M,, and Tiefiow. All of this considered, producing smooth, linear groove facets via TASTE
is an optimization problem involving many parameters which requires extensive experimentation to implement
process development. Simulations can also be carried out to model the reflow process with open-source software
packages such as Surface Evolver3/*.

Optimizing the TASTE process for producing saw-tooth gratings with a smooth blaze first requires fabricating
the appropriate structure in resist with GEBL. Because D needs to be carefully controlled to produce 3D patterns
with high precision, a low contrast resist-developer system should be implemented and the proximity effect??
must be corrected for, which can be handled with algorithms contained in the GenISys BEAMER™ software
package®. Careful field stitching during GEBL exposure is also of high importance to prevent irregularities in the

Thttp: //www.nanonex.com/
thttp: //facstaff.susqu.edu/brakke/evolver/evolver.html
$http://genisysgmbh.de/web/products/beamer.html
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Figure 3. Some baisc properties of a positive tone polymeric resist (i.e. PMMA or ZEP520A) arising from a GEBL process
to create a stepped structure.?*2® Left: Dose-modulated electron beam exposure results in varying resist thicknesses after
wet development. An electron dose Dy = 0 retains the original spin coat thickness ho while Dglear clears the resist down
to the substrate. Electron doses Do < Dy < D3 < D3 < Dglear result in resist thicknesses hg > hi1 > ho > hs > 0. Lateral
widths wo, w1, w2, w3 and weiear depend on the design of the GEBL pattern. Right: Varying resist thicknesses result from
the M,,-dependent etch rates involved in wet development. Electron doses Dy < D1 < D2 < D3 < Declear result in average
polymer molecular weights My, 0 > My,1 > Mw,2 > My3 > My clear, Where resist with My, clear gets completely etched
away during wet development. The glass-liquid transition temperature Ty of polymers also depends on M,,. Steps in the
developed structure with My, 0 > Mw,1 > Mwy,2 > My 3 locally have Ty, 0 > Ty1 > Ty 2 > Tg,3. When the entire structure
is heated globally to a temperature Ty0 > Trefiow > Ty,1 Via TASTE,24 the exposed steps are able to flow into a smooth
surface. Meanwhile, the unexposed portion with thickness ho remains relatively unaffected, providing an approximately
vertical sidewall. In this way the TASTE process has the potential to create blazed groove facets suitable for a grating.

grating. Further, lateral step widths w; should be chosen in relation to the spin coat thickness hg to get a quality
outcome from the wet development process. In EBL, it is difficult to write patterns with high aspect ratios; for
simplicity, it is beneficial design the structure so that w; = hg. Following this rule of thumb, a groove facet with
a blaze angle § &~ 45° in principle could be realized starting from a GEBL design with just one intermediate step
in the staircase (N = 1) with a lateral width wy = hg and some thickness h; =~ hg/2 (see Fig. 4, left). The blaze
angle § could then be reduced by widening this step, or by adding more steps to the staircase. The reflow process
must be optimized to produce a structure with a smooth, linear slope from the intermediate step with thickness
hi. Further, although Tienow < Ty,0, the unexposed step still will be affected by the reflow process in the sense
that sharp corners will be rounded and the initially vertical sidewall angle will be shallowed slightly. The pitch
of such a grating that utilizes one intermediate GEBL step is nominally d = wg + w1 + Welear- Achieving fine
pitch would then require starting with a thin spin coat thickness hg to achieve a sufficiently small w;. Lateral
widths wg and wejear should be kept small to minimize specular reflection in the final product.

The TASTE process has the potential to fabricate off-plane gratings with flexible groove shape and custom
groove profiles. However, due to the cost and difficulty of the procedure, TASTE is best suited to create a
master grating template for replication. However, in contrast to etched Si, structures created in resist are often
to soft to stand up against UV-NIL processes. One exception is hydrogen silsesquioxane (HSQ), which has been
demonstrated to be hard enough for direct stamping using T-NIL.33 However, thermal reflow has not been proven
successful with this resist system. These limitations led to the investigation of an alternative, commercially
availableY imprinting procedure called substrate conformal imprint lithography (SCIL).? In contrast to T-
NIL and UV-NIL, which use hard stamps, the SCIL process hinges on forming a composite stamp from the
master grating template that is used for imprinting (see Fig. 4, right). This allows the master grating to be
made from a soft material, such as PMMA or ZEP520A. The composite stamp is molded in a thin layer of a
polydimethylsiloxane (PDMS)-based material with an increased Young’s modulus compared to PDMS materials
used in standard soft lithography,3* which allows for the replication of nm-sized structures. This mold is glued
with soft PDMS to a thin glass plate, which is flexible in the out-of-plane direction but rigid in the in-plane
direction. Because this composite stamp is flexible, it is able to conform to whatever slight bow the replica

TSCIL solutions are available commercially from Philips SCIL Nanoimprint Solutions (http://www.ip.philips.com) and
SUSS Mircotec (http://www.suss.com/).
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Figure 4. Outline of proposed recipe to fabricate gratings using TASTE?* to create a master template in polymeric resist
(PMMA or ZEP520A) and SCIL?® to produce replicas in silica. Left: The TASTE process has the potential to produce
blazed groove facets starting from a GEBL staircase structure with just one intermediate step. The selective thermal reflow
process can be optimized to achieve a linear slope from the exposed step being heated above its T;. However, unexposed
regions inevitably will be affected: sharp corners will be rounded and the intially vertical sidewall resulting from GEBL
will be shallowed slightly. Right: Features created in soft resist can be replicated via SCIL. A flexible composite stamp
is formed from the master template with features that are rigid enough to repicate nm-sized structures. The stamp is
sequentially imprinted into liquid resit with a specialized pneumatic tool to achieve conformal contact with the replica
substrate. The resist forms a gel through a chemical sol-gel process and gradually dries into solid silica. Then, the stamp

SCIL

is sequentially separated to leave the replicated structure in silica.
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substrate may have. This results in a significant reduction of trapped air pockets and damage due to particulate
contaminants compared to what arises when practicing T-NIL or UV-NIL over large areas (several tens of cm?).
To achieve conformal contact, the SCIL imprinting process uses a specialized pneumatic tool to sequentially
imprint the stamp into a liquid resist!. This imprint resist forms stable replicated features in silica through a
Si-based sol-gel process.?® During this imprinting procedure, chemical reaction products and small pockets of
trapped are able to diffuse into the composite stamp. In summary, SCIL is a commercially available replication
procedure compatible with nm-sized soft polymeric features and is a viable alternative to standard nanoimprint
lithographies, beneficial especially for replicating gratings over large areas.

4. CONCLUSION

Off-plane gratings for astronomical soft X-ray spectrographs are currently being fabricated at the Pennsylvania
State University Materials Research Institute through EBL, anisotropic etching and UV-NIL, as discussed in
section 3.1. These common nanofabrication procedures are successful in producing large-format, approximately
radially ruled gratings with high groove density and smoothly blazed groove facets. Results on diffraction
efficiency and spectral resolving power will be presented in forthcoming papers.

TASTE is an alternative approach to fabricate a master grating template entirely in resist. Though ex-
ploratory, this techniques offers several benefits. TASTE has the potential to fabricate a master template in
essentially two steps, eliminating the need for multiple etching processes: GEBL to create a repeating staircase
structure in resist and a global thermal treatment (i.e. via hotplate) to achieve smooth surfaces for a blaze. In
contrast to KOH etching in Si, TASTE is flexible in producing grooves with different shapes and blaze angles.
Further, because it does not involve any substrate etching, there is no need for crystallographic plane alignment;
a TASTE grating potentially could be fabricated directly on a flat fused silica substrate. However, this approach
also comes with difficulties and challenges to overcome. In particular, achieving sub-nm RMS surface roughness
for the blazed facets will require optimal reflow conditions and careful analysis of the temperature-dependent
polymer viscosities and wetting forces involved. Additionally, excellent field stitching and long write times are
needed to produce a large-format grating pattern through GEBL.

SCIL provides a way to produce grating replicas from a master template made in resist that is too soft to
stand up against UV-NIL. However, it also offers benefits applicable to the replication of large-format gratings
in general. As discussed in section 3.2, the flexible nature of the composite stamp used in SCIL allows for
conformal contact to be made with the replica substrate. This is particularly difficult to achieve with UV-NIL
over large areas (several tens of cm?), which results in defects that arise from trapped air pockets present during
the imprinting process. Imprinting with a composite stamp also reduces damage from particulate contamination
and allows small trapped air pockets to diffuse into the stamp. SCIL thus may be more apt than UV-NIL to
replicate a large-format etched Si master. The implementation of SCIL into the anisotropic etching recipe is
currently being pursued in collaboration with the University of Pennsylvania Singh Center for Nanotechnology
and Philips SCIL Nanoimprint Solutions.
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