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State-of-the-art nanofabrication tools are 
critical to this research & development

At the Nanofabrication Lab at PSU, we 
routinely use:

• Electron-beam lithography (EBL) tools 
(Raith EBPG 5200 and 5200+), with z-stage

• Confocal microscope, for 2D and 3D 
mapping of substrates

• Dry and wet etching techniques

• Electron-beam evaporation (thin film 
deposition)

• FESEM, AFM, ellipsometer, profilometer, 
optical microscopes for characterization



Key objectives: large area, 
high efficiency, high spectral 
resolution, low-scatter 

• Enabling current and future (X-ray to UV) 
space-based spectrographs and science 
on a variety of missions (from NASA 
sounding rocket payloads to flagships) 
including HWO.

• Provide an alternative and/or extension 
to mechanically ruled or holographic 
gratings, allowing custom designs, i.e., 
extending the range of possible groove 
densities, blaze angles, groove curvature, 
… while maintaining low scatter.

Example of a large-format (100x107 mm) 
X-ray grating (Miles et al. 2025)



(Far)-UV echelle gratings 
enable high-resolution, 
broad-wavelength 
spectroscopy

POLLUX prototype grating, see NASA LUVOIR 
2019 final report appendices (also see 
Muslimov et al. 2018, 2024)

Atomically smooth facets  high efficiency, 
low scatter

P=3.455 um (289.4 grooves/mm), 
Blaze = 54.7 deg



(Far)-UV echelle gratings 
enable high-resolution, 
broad-wavelength 
spectroscopy

POLLUX prototype grating, see NASA LUVOIR 
2019 final report appendices (also see 
Muslimov et al. 2018, 2024)

Peak-order (relative) efficiency: ~ 65% 
throughout the FUV bandpass (spec >50%)

Unpublished data; Kruczek et al.
Also see: Kruczek et al. 2022

STIS
Echelles



Nanofabrication 
techniques enable new 
science in the EUV range 

AFM of the 16x79 mm Si grating 
prototype fabricated by EBL + 
KOH etching (Grisé et al. 2021)

P=140 nm

• EUV grating for the previously proposed 
NASA Small Explorer ESCAPE (Kruczek 
et al. 2021, France et al. 2022)

• Prototype grating exceeded 
requirements: ~ 90% relative efficiency 
at 20 nm as tested at ALS

Demonstration 
of 9000 gr/mm
Grisé et al. 2021



Ultra-low blaze angle 
gratings have historically 
been difficult to fabricate

• G140L grating on HST/COS is laminar 
instead of low-blaze.

 This is one of NASA’s prioritized 
technology gaps identified for UV gratings

• At blazes ≤ 2°, KOH (wet) etching is not 
an entirely anisotropic process anymore 
(e.g. Voronov et al. 2016).

• This requires extreme fine-tuning of the 
process parameters

3.1 um
40 
nm

80 nm (2.5% of P)

Development of a low-blaze angle (0.9 deg) 
grating for OAxFORTIS (Off-Axis Far-UV Off 
Rowland-circle Telescope for Imaging and 
Spectroscopy; McCandliss – JHU, Carlson et 
al. 2021)

This most likely requires to be ported to a 
non-KOH solution to pattern the 6” elliptical 
substrate for OAxFORTIS.

A laminar grating on the curved substrate will 
be first fabricated to verify grating pattern.



Ultra-low blaze angle 
gratings allow new science 
as well
• Grating for EUV CubeSat MANTIS 

(Monitoring Activity of Nearby sTars with uv 
Imaging and Spectroscopy; Indahl et al. 
CU/Boulder) requires:
• VLS grating: large groove density 

range [135-833 gr/mm] suitable for 
electron-beam lithography;

• Parallel grooves allow the use of wet 
etching processes to create quasi-
atomically smooth facets;

• Blaze angle = 1.0 deg (0.9 and 1.4 
deg for EM)

• Size = 96x23 mm
• Process development almost finalized:

• Optimization of hard mask
• Optimization of blazed facet
• Removal of Si pillars, remnants of the 

etching process due to wafer 
orientation

7.8 um 50 nm (0.6% of P)

AFM of test 
pattern at 
P=7.8 um

Rq~ 0.3-0.4 nm

Blaze ~ 1.4° due 
to vendor miscut



Ultra-low blaze angle 
gratings allow new science 
as well

• Grating for EUV CubeSat MANTIS

• EM gratings delivered in 09/2025
• Flight grating early spring 2026

• Cycles of oxidation/isotropic etching are 
used to remove or at least significantly reduce 
the size of the Si tabs, remnants from the 
etching process. 

• Increase in roughness limited:
     Rq~0.2-0.3 nm  0.3-0.5 nm before coating

One of three 
EM gratings 
delivered, 
coated with 
20 nm of Zr
(96x23 mm) Grisé et al. 2026, in prep.

AFM traces



Curved gratings are 
necessary for 
aberration-correcting 
capabilities on HWO
• Many UV spectrographs employ 

curved gratings to correct for 
aberrations.

• HWO will require them, especially for 
any IFU-like instrument

EBL tools rely on laser height measurements 
to adjust the beam focus.
•  This method does not work on anything 

that is curved more heavily than the depth 
of focus (+/- 50 um)

Credit: EPFL (École Polytechnique Fédérale de 
Lausanne) website

Focusing device on curved 
Si substrate (e.g. Beasley et 
al. 2019, SPIE 11118)



Curved gratings have 
been successfully 
patterned with EBL

Modeled data from the confocal 
microscope informs the e-beam tool 
where to focus on the substrate.

39x20 mm VLS grating 
on R~155 mm cylindrical 
substrate.
P = 700-1400 nm;
sag = 1.2 mmMeasured +1st order wavefront

Interferometric measurements revealed a period 
error RMS ~0.3 nm, 10x higher than on flat substrates
 identified as rotational misalignment of 3” of 
pattern onto substrate (DeRoo & Grisé, in prep)



Conclusions and perspectives

• Our work on nanofabrication of UV gratings over the last ~8 years has allowed us to push 
the limits of what is feasible with EBL and etching techniques, making good progress 
towards the TRL5 requirements asked for HWO in 2029.

• All this technology development is being infused in (E)UV mission concepts and funded 
missions such as the small explorer ESCAPE, the sounding rockets CHESS, OAxFORTIS and 
MOBIUS, and the CubeSat MANTIS. New technology allows new science to be made (EUV!), with 
missions that actually directly support HWO primary science goals (e.g. ESCAPE, MANTIS).

• It is becoming imperative to test in further details our UV diffractive optics for spectral resolution 
(R > 100,000 for echelle-like gratings), scatter and other properties. This would allow a more 
focused cycle of iterations to meet the likely requirements for HWO and continue progress 
towards those goals.

• This also includes UV coatings which have been notoriously difficult to produce, but for which 
significant improvements have been made recently (e.g. Al + XeLiF, Quijada et al. 2025)

• OAxFORTIS grating test samples have been sent recently to JHU for a coating study.

fgrise@psu.edu
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