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ABSTRACT
In next generation space and ground-based instrumentation for Earth and Universe Observation, new instrument concepts
include often non planar gratings. Their realization is complex and costly. We propose a new technology for designing
and realizing convex blazed gratings for high throughput spectrographs.
For this purpose, the requirements are driven by a Digital-Micromirror-Device-based (DMD) MOS instrument we are
developing, called BATMAN. The two-arm instrument is providing in parallel imaging and spectroscopic capabilities.
The objects/field selector is a 2048 x 1080 micromirrors DMD, placed at the focal plane of the telescope; it is used as a
programmable multi-slit mask at the entrance of the spectrograph. The compact Offner-type spectrograph design
contains a low density convex grating to disperse light. For optimization of the spectrograph efficiency, this convex
grating must be blazed.
A blazed reflective grating has been designed with a period of 3300 nm and a blaze angle of 5.04°, and fabricated into
convex substrates with 225 mm radius of curvature and a footprint diameter of 63.5 mm. The blaze is optimized for the
center wavelength of 580 nm within the spectral range of 400 — 800 nm. Such grating has been fabricated by using
lithography, angular Ar ion etching, transfer of the blazed grating from a flat surface onto a convex substrate with a
flexible stamp, etched into the substrate by RIE etching. and finally coated with a silver-based layer. With a final
7° blaze angle over the whole surface, efficiency close to 90% on the 1st diffraction order at 700nm has been obtained,
measured on BATMAN spectroscopic arm. An optimized device with the exact required blaze angle would reach the
same efficiency and be centered on the mid of 400-800nm wavelength band: its realization is on-going. The wavefront
error of the diffracted beam will also be optimized.
The grating brings a significant contribution in the total amount of straylight at instrument level. Their straylight level
remains a critical issue, and its reduction by specific and controlled implementation of improvements in manufacturing
process is a challenge to tackle. Straylight measurement has been done and shows a BRDF cos6 values of 10® s on the
optical surface and 107 sr™' on the structured features.
This new type of non-planar reflective gratings will be the key component for future high throughput spectrographs in
space missions.

Key words: non-planar grating, convex blazed grating, spectro-imager, multi-object spectrograph, astronomical
instrumentation, MOEMS.

1. INTRODUCTION

In next generation ground-based as well as space instrumentation for Universe and Earth Observation, new instrument
concepts (hyper-spectral imaging and spectroscopy) must be compact, highly efficient and versatile. In Earth
Observation and Planetology, MOEMS devices may provide new observational modes as generating a smart-slit at the
entrance of the spectrograph for removing clouds and bright objects (and then decrease greatly the straylight in the
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instrument), or be the key component of wide field programmable spectrographs. ' These new instrument concepts
include often non planar gratings.

Next-generation infrared astronomical instrumentation for ground-based and space telescopes could be based on
MOEMS programmable slit masks for multi-object spectroscopy (MOS). MOS is used extensively to investigate
astronomical objects optimizing the Signal-to-Noise Ratio (SNR): high precision spectra are obtained and the problem of
spectral confusion and background level occurring in slitless spectroscopy is cancelled. Fainter limiting fluxes are
reached and the scientific return is maximized both in cosmology, in galaxies formation and evolution, in stellar physics
and in solar system small bodies characterization.

Major telescopes around the world are equipped with MOS in order to simultaneously record several hundred spectra in
a single observation run. Next generation MOS for space like the Near Infrared Multi-Object Spectrograph (NIRSpec)
for the James Webb Space Telescope (JWST) uses a programmable multi-slit mask, the micro-shutter array (MSA).
MOEMS programmable slit masks would be next-generation devices for selecting objects. The programmable multi-slit
mask requires remote control of the multi-slit configuration in real time. During the early-phase studies of the European
Space Agency (ESA) EUCLID mission, a MOS instrument based on a MOEMS device has been assessed. Due to
complexity and cost reasons, slitless spectroscopy was chosen for EUCLID, despite a much higher efficiency with slit
spectroscopy.

MOEMS devices such as micromirror arrays (MMA) > ** or micro-shutter arrays (MSA) ° are promising solutions.

MMAs are designed for generating reflective slits, while MSAs generate transmissive slits. In Europe an effort is
currently under way to develop single-crystalline silicon micromirror arrays for future generation infrared multi-object
spectroscopy (collaboration LAM / EPFL-CSEM). 67 By placing the programmable slit mask in the focal plane of the
telescope, the light from selected objects is directed toward the spectrograph, while the light from other objects and from
the sky background is blocked. To get more than 2 millions independent micromirrors, the only available component is a
Digital Micromirror Device (DMD) chip from Texas Instruments (TI) that features 2048 x 1080 mirrors and a 13.68um
pixel pitch. DMDs have been tested in space environment (-40°C, vacuum, radiations) by LAM and no showstopper has
been revealed. *

We are developing a 2048 x 1080 Digital-Micromirror-Device-based (DMD) MOS instrument called BATMAN. * A
two-arm instrument has been designed for providing in parallel imaging and spectroscopic capabilities. Thanks to its
compact design, high throughput is expected. The two arms with F/4 on the DMD are mounted on a common bench, and
an upper bench supports the detectors thanks to two independent hexapods. The stiffness of the instrument is guaranteed
thanks to a box architecture linking both benches. '“'' The volume of BATMAN is 1.4x1.2x0.75 m®, with a total mass of
400kg. Mounting of all sub-systems has been done and integration of the individual arms is under way. BATMAN on the
sky is of prime importance for characterizing the actual performance of this new family of MOS instruments, as well as
investigating the new operational procedures on astronomical objects (combining MOS and IFU modes, different spatial
and spectral resolutions in the same FOV, absolute (spectro-) photometry by combining imaging and spectroscopy in the
same instrument, automatic detection of transients ...).

This instrument will be placed at Gemini telescope by 2024 as a visiting instrument. BATMAN concept has also been
proposed for a space mission as BATMAN flies. > The BATMAN compact Offner-type spectrograph design contains a
low density convex grating to disperse light. In order to optimize the spectrograph efficiency, this convex grating must
be blazed at the right angle for maximizing the light in the first order of diffraction.

For Earth Observation, a good example is the CHIME mission devoted to provide routine hyperspectral observations
through the Copernicus Programme in support of EU and related policies, for the management of natural resources,
assets and benefits. This unique visible -to- shortwave infrared spectroscopy based observational capability will in
particular support new and enhanced services for food security, sustainable agriculture and raw materials. This includes
biodiversity management, soil properties characterization, sustainable mining practices and environment preservation.
CHIME is then a complex push-broom imaging spectrometer with spectral range 400nm-2500nm and resolution 10nm.
At LAM, we are involved in the conception of new MOEMS-based spectro-imager for Earth observation. We have
designed an innovative spectro-imager, with constraints of wide 2D field ofview (3°x1°), image quality
(<2 pixels = 11um) and compacity. The instrument is panchromatic with a medium spectral resolution between 1000
and 2000, fitting in a 40 cm x 50 cm x 90 cm box. A 3-mirror solution for both imaging and spectrograph arms has been
designed, using only aspheric surfaces thus allowing for easier alignment and tolerancing.
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This paper describes the design, the realization and the characterization of a new type of non-planar reflective gratings,
key components for future high throughput spectrographs in ground-based spectro-imagers as well as for space missions.

2. CONVEX BLAZED GRATING PARAMETERS

BATMAN is a compact spectro-imager with two arms in parallel: a spectroscopic channel and an imaging channel. Both
arms are fed by using the two DMD mirrors stable positions (Fig. 1). ?

The compact Offner-type spectrograph design contains a low density convex grating (SGR in Fig. 1) to disperse light. In
order to optimize the spectrograph efficiency, this convex grating must be blazed at the right angle for maximizing the
light in the first order of diffraction.

The grating requirements are:

° Convex substrate
Radius of curvature 225 mm
Diameter 63 mm
Number of lines: 300 1/ mm
Wavelength range 400-800 nm
Center wavelength 580 nm
Blaze angle 5.04°
Incidence angle (in-plane) 24°

TM4
TFP
S — e Q
== Si= ™

Light Beam direction

Fig. 1: Principle of BATMAN spectro-imager

The substrate requirements are:

° Quartz / Silicon Oxyde
° A / 4 surface quality
° Grating pattern etched in substrate

The coating requirements are:
° Protected silver
° Conformal deposition on grating surface
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3. CONVEX BLAZED GRATING REALIZATION
The description of the process to realize the master plane blazed grating is shown in Fig. 2.
The master of the blazed grating structure has been originated on a flat substrate starting from a rectangular grating with
a period of 3300 nm. The rectangular grating was UV replicated twice using Sol-Gel material and subsequently

converted into a blazed shape by angular Ar ion etching. The desired blazed grating parameters like depth and blaze
angle have been reached by adjusting the initial grating depth in Sol-Gel as well as the Ar etching angle and duration.

The transfer of the blazed grating from a flat surface onto a convex substrate needs a flexible support. A flexible stamp
was generated by UV replication of the blazed grating, utilizing a flexible nanoimprint material (Fig. 3).

* Step 1: 15 Replication.

Pressure Pressure

Glass Bubelrsle UV Exposure UV Exposure:

— ﬁ Glass Sunsalale

umumng
Glass Substrate

—

Glass Subsirate

Dy mld ing

Fig. 2: Convex blazed grating realization (step 1)

® Step 2: 2™ replication
* Step 3: Ar angle etching

* Step 4: Flexible stamp
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Ar Angle Etehing

Pressure Frossur

i Glass Sul D‘;Irals

Fig. 3: Convex blazed grating realization (steps 2, 3, 4)

The blazed grating is then transferred from a flat surface info a convex substrate (Fig. 4). The flexible stamp was used to
emboss a thin layer of Sol-Gel, spin-coated on the convex substrate. The nanoimprint material is used as a masking layer
for Reactive Ton Etching of the convex substrate. After curing, the structure was transferred into the substrate by etching.
With this approach, the final component is a convex substrate with the grating structure etched into the volume. The
monolithic approach is considered more preferable due to the absence of a quartz/silicon-oxide substrate to Sol-Gel
interface prone to fatigue, perfectly suited for space environment.
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Fig. 4: Blazed Grating Transfer into a Convex Substrate

This approach has been successful and a grating has been fabricated. Its surface is characterized by Scanning Electron
Beam Microscope: in Fig. 5 are shown a general view and the profile of the realized grating. The grating coating is
protected silver from Optics BALZERS, identical to other BATMAN mirrors coating. The reflectivity is over 98% over
the whole wavelength range (400-800nm). '*

The blazed grating transferred into the convex substrate exhibits very smooth lines and a grating profile with 7° blaze
angle (with respect to the expected 5.04°) over the whole surface. All grooves are perfectly defined with a smooth
surface (minimizing the straylight of the component).

Mag: 5000x Mag: 11000x
19.10.2017 SE HV: 20 kv WD: 33 mm F——5 pm —— ] 19.10.2017 = HV: 20 kv WD: 33 mm

Fig. 5: Blazed Grating Transfer into a Convex Substrate: a final figure of 7° blaze angle has been obtained
on the whole surface, very close to the required value; general view and profile

Detailed mapping on multiple zones of the blazed grating showed a very good period uniformity with up to 0.5%
deviation. Grating depth and blaze angle have higher deviation, up to 7%.
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4. CONVEX BLAZED GRATING CHARACTERIZATION

Characterizing a convex blazed grating requires an optical set-up able to collimate the optical beam on the convex
surface and then to image the entrance slit on a detector. This complex system is actually equivalent to align one arm of
BATMAN (see Fig. 1). Within this instrumental project, we have currently received all optics (mirrors and lenses) as
well as all opto-mechanical mounts to hold the optical components. BATMAN integration has started by assembling all
sub-systems on a Newport damped table in order to review both the integration procedure as well as a first performance
evaluation (Fig. 6). The blazed grating efficiency measurement takes place in this process.

The input beam is issued from a fibered white light source with a nearly flat response in the visible range. A wavelength
selection module is inserted at the output of the source in order to select any wavelength with Inm wavelength
bandwidth. The source is then tunable from 460nm up to 700nm; the output power could be also tuned. The fibre is then
placed at the location of the entrance slit of the spectrograph, i.e. at the DMD centre location. The monomode fibre
defines then a point source at the entrance of the spectrograph.

/

Mirror
or Blazed grating

Fig. 6: Blazed convex grating characterization set-up, i.e. BATMAN spectro/imaging arm;
the light path is marked in red from top (instrument entrance) to bottom (detector)
close-view of the realized blazed grating

The overall grating efficiency has been obtained for the grating inserted in its proper location within the instrument, by
measuring the throughput of the set-up while the wavelength is tuned from 460 to 700 nm; these values are weighted by
the throughput of the instrument with a convex mirror replacing the convex grating. The measured response (red crosses)
is presented in Fig. 7: an efficiency close to 90% on the 1st diffraction order is obtained at 700nm.

At short wavelength (450-500nm), the efficiency is rather low, leading to the fact that the central wavelength of the
component has to be shifted to a shorter wavelength for a better balance of the efficiency within the entire wavelength
range.

Simulated grating efficiency with 7° blaze angle for TE, TM and Non-Polarized (NP) beams for [400nm-800nm]

wavelength range is superimposed with the measured values in Fig. 7. Good agreement between the simulation and the
measurement confirms the 7° blaze angle of the device.
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Fig. 7: Blazed convex grating efficiency from 460nm to 700nm; measured values are displayed with red crosses;
Simulated grating efficiency with 7° blaze angle for TE, TM and Non-Polarized (NP) beams for [400nm-800nm] wavelength range.

An optimized device with the exact required blaze angle (5.04°), would reach the same efficiency (> 90% at peak
wavelength) and be centered on the mid of 400-800nm wavelength band (Fig. 8). Simulated responses for TE, TM and
Non-Polarized (NP) beams are presented with very close values at short wavelengths, but there are some discrepancies at

larger wavelengths.
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Fig. 8: Optimized blazed convex grating efficiency with 5.04° blaze angle, centered at 580nm
for [400nm-800nm] wavelength range. Simulated responses for TE, TM and Non-Polarized (NP) beams.

The next steps for the characterization of the blazed convex grating are the measurement of the efficiency for the
complete wavelength range from 400 to 800 nm, and the evaluation of the dependence of the efficiency with respect to
the polarization. Preliminary straylight measurement is presented in the next paragraph.

This new technology is versatile for a wide parameters range, and, as the grating is etched into the substrate, this
component is compatible for space applications. Space qualification campaign is then foreseen.

5. STAYLIGHT MEASUREMENT

Missions involving spectral instruments have stringent spectral and radiometric requirements. To achieve them, the
physical straylight inside the instrument must be minimized. Additional improvements are performed by applying a post-
processing, but the complete processing is so complex, that it is mandatory to obtain raw images of very good quality.
When a spectral instrument is well designed, its straylight performance is limited by technological limitations, such as
the residual roughness or particulate contamination. In this context, the grating brings a significant contribution in the
total amount of straylight at instrument level. Despite advances in the design and manufacturing techniques of diffraction
gratings, their straylight level remains a critical issue. Its reduction by specific and controlled implementation of
improvements in manufacturing process is a challenge to tackle.
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This roughness can be divided in 3 categories: the Line Edge Roughness (LER), the Line Width Roughness (LWR), the
Side Wall Roughness (SWR). The Bidirectional Scattering Distribution Function (BSDF) can then be calculated for
given conditions of illuminations (wavelength range, polarization, angular aperture, angle of incidence...).

In terms of optical metrology, BSDF patterns, diffraction efficiency and polarization sensitivity are measured locally
with the instrument SALSA (Spectral and Angular Light Scattering characterization Apparatus) developed by the Light
scattering group of the Institut Fresnel. '> '

The values of resolution and step size of the scatter angle as well as the wavelengths are fixed by the numerical analysis.
SALSA nominal angular resolution can be fixed to 0.1°, and close to specular analysis can be done until 10-3° if
necessary. The wavelengths of measurement can be arbitrarily chosen on the spectral range [450 nm -1650 nm] with a
spectral resolution of 0.1 nm. On the whole spectral range of validity [450 nm — 1650 nm], the detection is limited by
Rayleigh scattering of air particles, which is close to 10 str and the accuracy of any measurement point is better
than 1%. SALSA is in clean room ISO 6 at the Institut Fresnel and the set-up is fully automatized to allow very long
measurements. The illumination is collimated with an angular aperture of 0.1° (it can be tuned until 10~ in the visible
range) to simulate the illumination with a plane wave and optimize the comparison between metrology and modelling.
The number of spatial positions on the grating (illumination spots) is fixed to be representative of the homogeneity of the
tested components. The different sources of straylight are resumed in table 1, together with the grating realization
process steps, and the potential source of issues.

Source of straylight Associated process step Potential source of issue
Depth inhomogeneity Dry etching into substrate Inhomogeneous dry etching
Blaze/anti-blaze angle Transfer Inhomoge neous transf§r mnto

inhomogeneity nanoimprint material
Dry etching into substrate Inhomogeneous dry etching
. Photolithography Local variation of exposure
Line edge roughness Chromium mask Chromium film roughness
Blaze, anti-blaze surface Ar angle etching, imprint, Isotropy of etching method
roughness reactive ion etching + flexible stamp roughness

Table 1: Different sources of straylight, associated with the grating realization process steps and the potential source of issues.

Figure 9 shows the convex blazed grating installed in the SALSA instrument during the straylight measurement.

e

Fig. 9: Convex blazed grating during the measurement in the SALSA instrument Insert: a largest view of the grating.

Sa b

Figure 10 shows the result of the Bidirectional Reflection Distribution Function (BRDF cos8) measurement of the
convex blazed grating device at 700 nm. The measurement has been performed with SALSA under normal incidence
with unpolarized illumination, between 4° and 90° for the detector position.
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BRDF cosB® value describes the efficiency of the component in terms of diffraction contribution and straylight
contribution. Diffraction peaks as well as straylight level are measured together. In order to refine the straylight analysis
on the grating, measurement perpendicular (diffraction direction) and parallel to the lines have been performed:

- Perpendicular to the lines: Contribution of the structured features, revealing the diffraction pattern and the
straylight due to the structuration

- Parallel to the lines: Contribution of the straylight induced by the optical surface itself, including the
roughness of the surface as well as the non-uniformities from line-to-line; the non-uniformities from line-to-line
are contributing at all spatial frequencies and could also be seen as wavefront error contribution.

BATMAN Grating - A = 700 nm

T T T I ! F"erpendi:ular tc;the lines
1 ” d - - - - Parallel to the lines 3
oraer
<€—— 2" order 1

= 3 order ]
< 4th order

10°

T

Normalized BRDF cosf
o
=

4 10 20 30 40 50 60 70 80 9C
Scattering angle ¢ (degrees)

Fig. 10: BRDF cosf measurement of the convex blazed grating device
under normal incidence at 700 nm performed with SALSA

In the measurement perpendicular to the lines, the 0™ order has been auto-collimated towards the source, and the 1%, 2™
3" and 4™ orders are clearly revealed at the angles respectively of 12.5°, 24.3°, 38.4° and 55.7°. Several scattered
elements, especially between the 2™ and the 3™ orders, and between the 3™ and the 4™ orders are under investigation.
The BRDF cos0 level, perpendicular to the lines, is reaching a lower value of 107 sr' on the structured features,
after the 3 order in scattering angle position.

In the measurement parallel to the lines, the scattered light is decreasing continuously down to a lower plateau.
The BRDF cos® level, parallel to the lines, is reaching a lower value of 10 sr™" on the optical surface.

It is also worth noting that no ghost is present in the measured BRDF so that development of the optimal grating is
expected to focus on reduction of scattering. Potential improvement on the manufacturing to reduce this value will be
evaluated, tested and applied to the optimized device.

6. CONCLUSION

In next generation space instrumentation for Earth and Universe Observation, new instrument concepts will include non-
planar gratings. We have proposed a new technology for designing and realizing convex blazed gratings for high
throughput spectrographs.

The designed grating corresponds to the optical component needed for BATMAN spectro-imager instrument. This
blazed reflective grating has a period of 3300 nm and a blaze angle of 5.04°. It has been successfully fabricated into
convex substrates with 225 mm radius of curvature and a footprint diameter of 63.5 mm. The blaze is optimized for the
center wavelength of 580 nm within the spectral range of 400 — 800 nm. Convex blazed gratings have been fabricated
and coated with protected silver, with a final 7° blaze angle over the whole surface. Performance characterization shows
an efficiency close to 90% on the 1st diffraction order at 700nm. An optimized device with the exact required blaze
angle, would reach the same efficiency and be centered on the mid of 400-800nm wavelength band. Straylight
measurement has been done and shows a BRDF cos® values of 10® st on the optical surface and 107 sr' on the
structured features.
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This new technology is versatile for a wide parameters range, and, as the grating is etched into the substrate, this
component is compatible for space applications. The first instrument demonstration on-sky of this new grating will be
done on board BATMAN mounted on the Gemini telescope by 2024.

This new type of non-planar reflective gratings will be the key component for next generation compact and highly
efficient spectrographs in space missions, for Universe Observation, Earth Observation and Planetology.
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