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Direct observation of exoplanets and proto-planetary disks with the METIS instrument at the Extremely Large
Telescope will provide new insights into the processes of planet formation and exoplanet atmospheres. This will
be possible thanks to a powerful vector vortex coronagraph that can suppress the starlight to reveal faint signals
around it. Here we present the process of making the phase masks at the heart of the coronagraph. These annular
groove phase masks consist of deep sub-wavelength gratings in diamond that are etched using inductively
coupled oxygen plasma with a strong bias. The METIS instrument requires a wider bandwidth than such com-
ponents have previously been demonstrated for, leading to a grating design with higher aspect ratio and more
vertical walls. To achieve this, the etch mask used for diamond etching was changed from aluminium to silicon
and the plasma power was increased. We also improved on our method for reducing the grating depth of finished
components to fine-tune them. Together with improved optical testing, this allowed us to produce the best vortex
phase masks so far demonstrated for the astronomical N-band.

1. Introduction

METIS, the “Mid-infrared ELT Imager and Spectrograph”, will be one
of the first generation of instruments at the European Southern
Observatory’s Extremely Large Telescope (ELT). Working in the L, M
and N bands between 3 and 13 pm wavelength (the astronomical bands
are wavelength bands where the Earth’s atmosphere is transparent),
METIS will be a multipurpose instrument. In particular, it is expected to
make large contributions to our knowledge of exoplanets and planet
formation through direct observations [1]. Observations of faint planets
and proto-planetary disks close to bright stars are made possible by the
implementation of a powerful vector vortex coronagraph, an instrument
that blocks out the starlight while letting the light from nearby objects
through. At the heart of the METIS coronagraphs sit phase masks which
cancel out the starlight through destructive interference to make nearby
exoplanets visible. These phase masks are so-called Annular Groove
Phase Masks (AGPMs) [2]. An AGPM is a circular sub-wavelength
grating (Fig. 1) that through form birefringence gives rise to a so-
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called vector vortex phase mask [3], i.e. a half wave plate with an op-
tical axis that turns smoothly around the center of the mask. Starlight
focused on the center of the phase mask will be redirected outwards of
the telescope pupil and can be blocked by a Lyot-stop aperture in a
downstream pupil plane. Light from an exoplanet, on the other hand,
passes through the mask away from the center without being redirected.

We use diamond for the AGPMs because of its transparency at
infrared wavelengths. Especially at long wavelengths (around 10 pm
and above), the list of useable materials becomes fairly short and exotic.
Some potential materials, such as germanium, have very high refractive
indices, for which we have not found a good solution for a wideband
AGPM. Other materials, such as zinc selenide, are difficult to etch with
sufficient precision. Diamond has a suitable refractive index of 2.38 [4]
and though diamond is extremely hard, it can be dry etched using ox-
ygen plasma [5-17]. Besides the refractive index, the hardness, chemical
resistance and low thermal expansion of diamond are also advantageous
as they make the component more robust. The oxygen plasma used to
etch diamond puts high demands on the etch mask. Common choices of
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mask material in the literature include aluminium, gold, silicon oxide
and silicon nitride [5,13,14]. Typically, the selectivity (i.e. the etch rate
in diamond divided by that in the mask material) and micromasking due
to redeposited mask material are the most important characteristics of
the mask [14]. To etch high aspect ratio gratings in diamond, a thick
mask (similar thickness as the width of the grooves) with vertical edges
helps keep redeposited material from the bottom of the grating [5]. We
have described this in our previous work where we used thick
aluminium (Al) masks [5,7] and high aspect ratio diamond gratings
have also been made for X-ray beam splitting using thick hydrogen sil-
sesquioxane [16] and gold [17] masks.

In the last decade we have made AGPMs for instruments at several
large telescopes, such as the European Very Large Telescope, the Large
Binocular Telescope and the Keck Telescope [5-8,18]. Most of these
have been for the astronomical L-band, but we have also made AGPMs
for the K- M- and N-bands (these bands are atmospheric transmission
windows in the near and mid infrared). The latest AGPMs produced for
the N-band were for the NEAR experiment, a part of Breakthrough
Watch [19]. These were installed in the VISIR instrument of the Very
Large Telescope and used to search for earth-like planets around o
Centauri. New for the METIS AGPMs is the wider spectral bandwidth,
going up to 50 % bandwidth, while the previous components were
typically designed to cover a 20 % bandwidth [6]. To produce these
gratings with high precision we have improved several critical steps
compared to our previous process: patterning, masking, etching, optical
evaluation, and tuning the grating.
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the L-, M- and N-bands. These components were designed for wider
bandwidths than previously manufactured AGPMs; the L-band AGPM
will cover wavelengths between 2.9 and 4.1 pm, the M-band AGPM
between 3.9 and 5.3 pm, and the N-band AGPM between 8.1 and 13.1
pm. The performance was simulated using Rigorous Coupled Wave
Analysis (RCWA) [20] of a one-dimensional grating in MATLAB, with
code based on Pavel Kwiecien’s RCWA-1D.! For the calculations, the
grating cross section was approximated as trapezoidal, which in the
RCWA is implemented as a layered structure with a small change in
width in each layer. The parameters defining the grating are line width,
depth, wall angle and period (Fig. 1). The performance metric of the
phase mask is null depth, which is a measure of how well the light
focused on the centre of the AGPM is cancelled, compared to light from
the same source focused some distance from the centre. The null depth
can be calculated from the transmission and phase delay of the polari-
zations calculated with RCWA [21]. An example of a calculated null
depth map can be seen in Fig. 2. The null depth specifications for METIS
(Table 1) are set to ensure that the leakage of stellar light due to the
phase mask is negligible compared to other sources. To maintain the
sub-wavelength criterion, the period of the grating scales with the
shortest wavelength in the band. The line width scales similarly to
maintain roughly the same fill factor. The depth of the grating instead
scales roughly with the centre wavelength of the band. Taken together
this means that an AGPM designed for a wider band will typically
require a higher aspect ratio of the grating grooves (defined as (P-w)/h
with the notation in Fig. 1). A wider band also makes it more difficult to

outer diameter

center diameter
line width
h - grating depth
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wall angle
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Fig. 1. Schematic view of the AGPM. Note that for visibility the number of rings has been reduced to a few tens in the drawing while the actual components

have thousands.

1.1. AGPM design

The METIS instrument will have AGPMs for three wavelength bands,

1 https://sourceforge.net/projects/rewa-1d/
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Fig. 2. Null depth calculations. Left: A map of mean null depth between 8.1 and 13.1 pm wavelength. The wall angle is fixed at 0.7°. The dashed red line illustrates
the optimal depth for a given width. Right: Null depth as a function of wavelength at the point marked with a red circle on the map. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Wavelength bands and their grating periods and performance specifications.
Band Wavelengths Grating period mean null depth Max null depth
L 2.9-4.1 pm 1.2 pm < 1/500 < 1/100
M 3.9-5.3 um 1.6 um < 1/500 <1/100
N 8.1-13.1 pm 3.4 pm < 1/100 <1/20

find grating parameters that give good enough performance over the
whole band. This means that higher precision is required in the fabri-
cation. Previous N-band AGPMs have typically had wall angles between
2.9° and 3.4°. While it is possible to find a solution with an angle at the
lower end of this range that meets the METIS specification, it is close to
where the walls of the grating meet in a sharp V-shape at the bottom.
When the groove becomes very narrow near the bottom, the etch rate
becomes more difficult to predict. Once the walls meet, etching nearly
stops completely. This means that small variations in line width and wall
angle can give rise to larger errors in depth, and a slightly too high angle
or too wide line width might make it impossible to reach the right depth.
Therefore, we have made changes to our fabrication process to reduce
the wall angle. As with previous AGPMs, we can compensate for small
errors in line width (or wall angle) by adjusting the depth (Fig. 2).

The diameter of the pillar at the center of the AGPM (Dy in Fig. 1) was
set to 1.62 times the line width [22]. The outer diameter of the grating
was 15 mm for the N-band and 20 mm for the L- and M-bands. Close to
the edge of the component four centering marks were included in the
design (Fig. 1), to help with aligning the component in test benches and
the instrument. These are wedges, pointing at the centre of the phase
mask, with a grating perpendicular to the AGPM grating, which makes
them clearly visible both under a microscope and to the naked eye. To
reduce reflections, which can cause unwanted stray light and ghost
signals in the instrument, an anti-reflective grating was etched on the
back side of the diamond substrate [10]. This is a square grating with the
same period as the AGPM, but etched to a much shallower depth.

In this paper we will focus on the manufacturing of the N-band
components. These were in many ways the most challenging to make,
since they cover a wider relative bandwidth and require much deeper
grooves in the diamond than the AGPMs for the other bands. The N-band
AGPMs for METIS also differ the most from previously published AGPMs
in the same wavelength band. For the L- and M-band AGPMs, the
fabrication was similar to high bias power diamond etching we have
described previously [7], though we switched to a silicon (Si) mask.

2. Methods

Polycrystalline diamond substrates of optical quality, 15 mm in
diameter and 300 pm thick, were bought from Diamond Materials
GmbH (Freiburg, Germany). All substrates were marked with a number
close to the edge on the front (growth) side by laser ablation, to avoid
any mix-ups.

The process steps for etching the AGPM in diamond (the same steps
are followed for the anti-reflective grating on the back) are shown in
Fig. 3. Etching a deep diamond grating in an oxygen plasma required a
hard mask. This hard mask was in turn etched using a thin polymer
mask. The polymer was patterned by a solvent assisted micromolding
(SAMIM) method from a master pattern on a silicon wafer. All pro-
cessing was carried out in a clean room environment (ISO class 5 to 7)
with controlled temperature and humidity.

The AGPM master was patterned using electron beam lithography
(Raith EBPG5000 + ESHR). The pattern was exposed (220 pC/cm?)
directly onto the 500 nm thick resist film (AR-P 6200, Allresist GmbH),
developed in a puddle developer for 60 s in Ethyl 3-Ethoxypropionate
(EEP) and then rinsed using isopropanol. The line width was increased
by 100 nm on the master patterns compared to the AGPM design, to
compensate for typical shrinkage that we see during the masking process
(below).

Previous N-band AGPM patterns have been written by laser, which
often led to small line width variations depending on angle, possibly due
to astigmatism of the laser. Electron beam lithography (which we have
previously used for AGPMs for shorter wavelengths) should give a more
consistent line width.

For a small period grating with high aspect ratio, the demands on the
mask are quite different than when etching structures with larger lateral
dimensions [5]. Mask erosion due to sputtering by high energy ions is
typically much higher at the edges of the mask, and in a grating every
part of the mask is close to an edge. Since the sputter yield is highly
dependent on the angle of incidence, the shape of the edge also plays a
large role. Especially at the start of etching, it is important to have near
vertical sides on the mask to keep the redeposition low. Further on in the
etching, the role that redeposited material plays is different when the
tightly spaced walls of the grating leads to most redeposited mask ma-
terial sticking to a wall rather than the bottom [5]. Previous AGPMs
have been etched using Al for the hard etch mask [5-8]. This has
resulted in high performing components, but there have been a few
downsides to this choice of material. One is that the sputtered Al film is
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Fig. 3. Schematic view of the processing steps.

typically a bit rough, especially the thick films needed for the N-band.
This film roughness translates into a small amount of roughness in the
edges of the final grating. Another downside to the Al mask is that in
order to etch a thick Al film with vertical walls, we needed additional
mask layers between the resist and the Al. These masking layers increase
the number of process steps for both deposition and etching and also
contribute to more variation in line width between components. Finally,
the Al is sputtered from the edges of the mask during etching. This
material is deposited and builds up on the opposite side of the etched
grooves, which plays a major role in increasing the wall angle of the
grating [5,7]. Here we have used Si instead of Al for the diamond etch
mask. Depositing the Si film through sputtering was slower than Al, but
the deposited film was smoother. Further, the Si mask can be etched
with just a few hundred nanometers of photoresist as mask. Preliminary
tests have shown that Si is removed faster than Al during diamond
etching, leading to lower selectivity, but the re-deposited material is not
as tightly focused on the opposite wall, so the diamond can be etched
with more vertical walls.

Before being coated with Si the substrates were cleaned by rinsing in
acetone, isopropyl alcohol, and water and then put in heated piranha
solution (HoSO4 and Hy04 mixture) for 30 min and then rinsed in water.

Si was sputtered with a Von Ardenne CS730S magnetron sputter
system with a pulsed DC power of 500 W. The first 300 s of sputtering
was done at an argon pressure of 1.5 pBar, the low pressure was found to
improve adhesion. This was followed by eight 270 s rounds of sputtering
at 6 pBar pressure, with five minutes in between to allow heat to dissi-
pate. The resulting film was 2.2 pm thick.

The SAMIM process used to copy the e-beam written AGPM pattern
to the Si coated diamond substrate consists of several steps. First a mould
of the master pattern is made in a permeable silicone elastomer. A thin
film of ethanol soluble polymer is then deposited on the substrate. The

elastomer mould is placed on top of the polymer film and the stack is
placed in ethanol vapor. The vapor permeates through the mould and
liquifies the polymer, which fills the mould due to capillary forces. After
baking to remove the ethanol, the mould can be removed. This method is
suitable for replicating gratings with small period. It tends to fail if the
features are too wide (capillary action fails to move the polymer evenly)
or the depth or fill factor changes too much across the surface. The
thickness of the polymer film should be adjusted to the pattern so that
the dissolved polymer can fill the mould with very little left over. Too
much will give a thick residual layer and too little will give voids in the
features.

The elastomer used for the mould was polydimethylsiloxane (PDMS,
Wacker Elastosil RT601). After mixing the two components, a small
amount was dripped on the master pattern, spread to around half mil-
limetre thickness with pressurized air, and left to relax for 15 min. After
baking for 15 min at 75 °C, the hardened PDMS was peeled from the
master pattern. The Si coated diamond substrate was coated with
Shipley S1813 photoresist, which is both ethanol soluble and suitable as
mask for Si in the dry etching process. The film thickness was controlled
by varying the dilution of photoresist with AZ EBR 70/30 solvent
(MicroChemicals) before spin coating at 6000 rpm for 30 s. After spin
coating, the resist was baked for 60 s at 115 °C to remove the solvent.
The PDMS mould was placed on top of the baked resist by hand. This was
a delicate step as the AGPM pattern on the mould needs to be aligned
with the substrate while avoiding both bending the mould and trapping
air under it. The sample was placed in ethanol vapor for 30 min in a
covered crystallizing dish. Ethanol was then removed by baking for 5
min at 50 °C and 5 min at 60 °C before the mould was peeled off. After a
one-minute hard bake at 115 °C, the sample was ready for etching.

Silicon and diamond dry etching was done in a Tegal 110 S/DE deep
reactive ion etch system. Compared to the old PlasmaTherm etcher we
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used for previous AGPMs, this system is similar in that it is also an
inductively coupled plasma (ICP) etcher, but has features that improve
both the Si and diamond etching: Rapid switching between chemistries
allows for shorter steps in the so-called Bosch process, which alternates
etching Si with SFg and passivating the walls with C4Fg, leading to
smoother etched walls in Si. In the diamond etching, a dense plasma and
strong ion bombardment gives a high etch rate and more vertical walls.
The etch rate is not particularly relevant for our application, but
reducing the angle of the walls is important.

The Si etch process etched the hard-baked photoresist slowly, but fast
enough that no separate etch step was required to remove the residual
resist film from the SAMIM process. The process used an ICP RF power of
2000 W and 80 W chuck (bias) power with the chuck 120 mm below the
ICP source. The two steps were 0.8 s with 300 sccm of C4Fg at 50 pbar
and 2 s with 200 sccm SFg at 30 pbar. To account for some uncertainty in
etch rate and residual layer thickness after SAMIM, the Bosch process
was run several cycles longer than required to etch through the Si film
with the diamond acting as an effective etch stop.

Diamond was etched in an oxygen plasma with both high ICP power
and high bias power. The inductively coupled power was 2800 W, the
chuck power was 300 W, and the chuck was positioned 150 mm below
the plasma source. The high ICP power gave a dense plasma with many
reactive ions and the high bias power pulled these ions towards the
surface to impact the sample with high energy. In general, increasing the
ICP power increases etch rate, and increasing chuck power and/or
reducing the pressure increases etch rate and reduces the wall angle. At
very high power and low pressure the mask can start to erode rapidly
while at the opposite end, at lower power and higher pressure, the
redeposition of mask material often causes micro-masking and a spiky
texture on etched surfaces. The pressure for etching the AGPMs was 15
pbar, which gave a low enough etch rate in Si while producing side-walls
with a small angle. To etch the AGPM to the correct depth, an etch test
was first carried out to obtain a rough estimate of the etch rate in dia-
mond. The AGPM substrate was then etched together with small dia-
mond monitor samples. After stopping the etching deliberately short, a
monitor sample was cracked and the cross section imaged by scanning
electron microscope (SEM). The AGPM was then etched further based on
the width, depth and wall angle observed in the monitor sample. After
etching, remaining mask material was stripped in a HF/HNOg solution.

The anti-reflective grating on the back side of the component was
patterned and etched in the same way as the AGPM. Since the depth of
this grating is much smaller, we used a Si mask that was one third as
thick. For the diamond etching the chuck power was reduced to 150 W
and pressure was increased to 40 pBar. This increases the wall angle, but
this is not a problem for a shallow grating and the slower etching gives
better control over depth.

After final cleaning the AGPMs were tested at CEA Saclay, France.
The test bench at the Astrophysics Division at CEA Saclay is a unique
facility that has been primarily developed for the testing of the imager of
the JWST/MIRI instrument. It allows measurements at cryogenic tem-
perature from 5 pm to 30 pm wavelength. It has been adapted to fulfil
the requirements for the testing of the METIS N-band phase masks [23].
In particular, we use quantum cascade lasers (QCLs), instead of a clas-
sical blackbody-like source. They provide a few mW of nearly mono-
chromatic light, so one can achieve a high signal to noise ratio in a few
seconds of integration time. This makes the process of centring the
source on the mask more efficient.

The masks were measured at five wavelengths provided by five
QCLs: 8.0, 9.0, 10.5, 11.5 and 12.5 pm. For each mask and each wave-
length, a set of photometric references (i.e. point spread functions at
some distance from the mask centre) were taken.” The source was then
moved at the centre of the mask, and an automatic scan made hundreds
of integrations on a fine raster pattern. From photometric analysis of the

2 More details are available in the online supplementary material.
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images, we found the position for which the null depth was the best.

The very stable environment inside the cryogenic facility, and the
temperature controlled QCLs ensure a high repeatability of the mea-
surements. However, uncertainties remain. They are primarily caused
by the spatial variation of the photometric response, due to interferences
inside the diamond plate of the mask itself. The long coherence length of
the laser light makes these interferences possible. Consequently, it is
difficult to know precisely the amount of energy in the photometric
references, and one can only measure an average value with a rather
high uncertainty. In the end, taking all sources of noise into account, the
null depth was estimated with a typical error between 20 and 30 %,
which is sufficient to estimate the grating parameters.

The grating parameters were estimated from the optical measure-
ments by comparing null depth spectra calculated with RCWA to the
measured values. By also considering that the grating parameters should
be close to those measured by SEM, the most likely parameters can be
found. The mean null depth spectrum changes slowly along diagonals in
the depth-width plot that parallel the dashed line in Fig. 2 Left, which
means that the uncertainty in parameters is greatest along these.’
Luckily a change in the parameters along such a curve does not change
how much the depth should be adjusted.

These tests determined that two of the three N-band AGPMs could be
improved by reducing their depth. The following procedure was carried
out on both of them. The AGPM was covered with photoresist (Shipley
S$1813) and then spun on a spin coater to remove excess resist (6000
rpm, 30 s). After baking for 10 min at 100 °C, the AGPM was again spin
coated with photoresist and baked. This filled the grating while leaving
the top with only a thin layer of photoresist. The component was then
etched by oxygen plasma in a PlasmaTherm SLR system, in a chamber
otherwise used for aluminium etching. This was a much gentler plasma
than the one used to etch the grating originally: 900 W ICP power, 120
W chuck bias power with a 40 sccm O; flow and a pressure of 5 mTorr
(6.7 pbar). After etching for 100 s, the photoresist in the grating was
topped up by spin coating and baking again. The AGPM was then etched
another 100 s. Remaining photoresist was removed by leaving the
component in acetone for 48 h and (after rinsing) cleaning for 45 min in
hot piranha solution. This process is similar to that used previously for
reducing grating depth [6], but the chamber geometry and parameters
for the plasma etching were changed. The chamber used here has the
chuck 10 cm closer to the plasma and the bias power was lowered to 120
W instead of 200 W.

3. Results and discussion

Three N-band AGPMs were made. These are named VPM-MET-N, for
Vortex Phase Mask — METIS — N-band, and the number etched at the
edge of the front side of the substrates: #4, #8 and #9. In the rest of this
paper we will refer to them as simply N4, N8 and N9. Due to poor quality
of the first batch of diamond substrates delivered (of #1-5 only #4 was
deemed good enough), several months passed between making the first
component (N4) and the other two (N8 and N9). During the time in
between the ICP etcher had problems with the matching network and
cooling and went through a thorough service and changes in the soft-
ware. This resulted in some differences between N4 and N8/N9 that are
difficult to pinpoint the reason for.

Tests with a range of photoresist thicknesses in the SAMIM process
found that a 1:1 ratio of resist in edge bead remover gave a thin residual
resist film (few tens of nm) and no voids in the pattern (Fig. 4 Left). The
resist thickness in the grating lines after baking was ~350 nm. Despite
the cleaning procedure, there remained some small particles on the
substrates. These both gave rise to thickness variations when spin
coating and prevented the PDMS from contacting the surface during
SAMIM. The defects caused by particles are therefore larger than the

3 An example is available in the supplementary material.
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Fig. 4. Left: Cross section of photoresist on sputtered Si after SAMIM, showing the residual photoresist film on the left and a grating line on the right. Right: Cross
section after 120 s (43 cycles) Si etch test. 30 steps are seen in the sidewall, so 13 cycles were needed to remove the residual resist before Si etching could start.

particles themselves. N9 had the most such defects, though smaller than
the 50 pm maximum size specified for the inner part of the component.

Silicon test etching showed that the residual resist film was etched
through after 10-15 cycles, after which Si was etched at a rate of
160-180 nm/cycle (slowed down a bit when etching deeper, Fig. 4
Right). A 90 s (32 cycles) etch time was chosen for the AGPM mask,
which was enough to etch through the 2.2 ym thick Si film with a few
cycles margin to compensate for uncertainties in the residual film
thickness and Si etch rate.

After diamond etching and cleaning, the AGPMs had very little
variation in line width across the component. Compared to previous N-
band components, the edges were smoother which we attribute to the
smoother Si mask compared to Al. In previous N-band AGPMs small line
width deviations could also be found along some angles, which we took
to be due to astigmatism during the laser lithography. No such de-
viations could be seen here, an effect of switching to electron beam
lithography. Fig. 5 shows the center of the N4 AGPM and one of the
AGPMs made for NEAR [19] for comparison.

The main difference between etching N4 compared to N8 and N9 was
the etch rate in diamond. When etching N8 and N9, the etch rate was
430 nm/min compared to 360 nm/min when etching N4 (these etch
rates are averages, the rate slows with depth). The Si removal rate,
however, decreased during diamond etching. As can be seen in the cross-
section micrographs in Fig. 6 a and b, Si is primarily removed through
sputtering at the edges of the mask, giving rise to a faceted top. With
almost the same etched depth in diamond, the amount of Si removed
during the N8/N9 etching was only half that of the N4 etching. This
material is partially re-deposited on the opposite wall of the trench
(Fig. 6a), narrowing the opening which in turn increases the wall angle
(1.3° on the N4 monitor piece). When etching N8 and N9 there was
barely any re-deposited material (Fig. 5b), leading to nearly vertical
walls (0.7°). As noted above, we are not sure what caused this difference
in the etching, possibly it was due to differences in cooling caused by a
malfunctioning helium flow controller when etching N8/N9. All three
components had much steeper walls than previous N-band AGPMs and
we had no problem reaching the depth and aspect ratio required. For
comparison, a monitor sample from etching the AGPMs for NEAR [19],
where we used an Al mask, is shown in Fig. 6¢. The Al mask was sput-
tered in a much more focused manner than Si onto the opposing wall,
leading to a higher wall angle (3.2°). Besides the wall angle, the whole
etched AGPM gratings can be a bit slanted, as can be seen in Fig. 6. Such
an angle should have minimal effect on the performance according to
RCWA calculations.

The grating depth estimated from the monitor pieces after diamond
etching was 13.4 pm for N4 and 13.1 pm for N8 and N9, with an esti-
mated error margin of around 300 nm. The optical testing of the com-
ponents showed that N8 and N9 were likely ~800 nm too deep. This can

be either because the depth was under-estimated, or because the line
width or effective wall angle was over-estimated. This in turn can be
both due to small mis-measurements in the SEM micrographs of the
monitor cross section and due to differences between the monitor and
the AGPM. The grating cross section is not a perfect trapezoid as in the
simulations, so lines were fitted by eye to estimate the effective width
and angle. In particular the effective wall angle can be difficult to esti-
mate and an error as small as 0.1° can change the optimal depth by
hundreds of nanometers.

The anti-reflective gratings on the back side of the components had a
depth of 1.65-1.7 pm and the width of the asperities was 2.2-2.3 pm,
with a wall angle of around 2°. This should reduce the mean back side
reflection below 1.5 % and the maximum reflection at the edge of the
wavelength band below 4 %."

The changes implemented in the process to reduce grating depth
(reducing bias power and having the plasma closer to the chuck) gave
flatter, less faceted tops in the grating and also improved the etch rate
ratio between diamond and resist (Fig. 7). Since the upper part of the
sidewall gets exposed to the plasma during the process, the width can
also be slightly reduced. As can be seen in Fig. 7, the photoresist
remaining in the grooves can be a bit uneven and contain small voids.
We have not seen that this affects the grating as long as the etch steps
between refilling the grooves are kept short.

We repeated the optical measurements on the N8 and N9 AGPMs
after reducing the grating depth, in the very same manner as the first
measurements. Both masks behaved very similarly to each other. As
expected, the performance at 8.0, 9.0, 10.5 and 11.5 pm was greatly
improved while it was reduced at 12.5 pm (Fig. 8). Estimating the
grating parameters based on the optical measurements, the effective line
width seems to have been reduced. It is also possible that the depth
reduction was smaller than in the etch test, which would give a very
similar spectrum, as explained in the methods section. The overall per-
formance was the best measured for an N-band vortex phase mask to
date.

4. Conclusion

Three high performing broad band AGPMs for the N-band (8.1-13.1
pm) have been produced. The realisation of these required etching
higher aspect ratio gratings than previous such components, which in
turn required etching with more vertical walls. This was made possible
by changing the mask material from Al to Si, which does not cause as
much redeposited material to build up on the sides of the etched

4 More details of the anti-reflective grating are available in the online sup-
plementary material.
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Fig. 5. View of the center of the AGPM. Left: the new N4 component. Right: one of the AGPMs manufactured for NEAR [19] using laser lithography for the master
pattern and Al for the mask.

Fig. 6. Cross section SEM micrographs of monitor pieces from etching AGPM gratings. (a) From etching N4. (b) From etching N8 and N9. (c) From etching one of the
NEAR [19] AGPMs with an Al mask, included for comparison. Note that the period of the grating in (c) is 4 pm while it is 3.4 pm in (a) and (b).

Fig. 7. Comparison of cross section after depth reduction, showing the top of the grating and grooves partially filled with photoresist. Left: Etch test for reducing the
depth of N8 and N9 (depth reduced by ~800 nm). Right: Etch test for reducing the depth of one of the NEAR [19] AGPMs (depth reduced by ~1 pm). The new depth
reduction process used on the left clearly gives much less faceting at the top of the grating.
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Fig. 8. Left: Measured and calculated performance of the N8 AGPM. The red crosses were measured before reducing the grating depth and the blue circles after. The
lines are calculated using RCWA with our best estimates of grating parameters based on both the optical and SEM measurements: blue solid line a = 0.7°, h = 12.725
pm, w = 1.98 pum; red dashed line a = 0.7°, h = 13.425 pm, w = 1.995 pm. Right: Null depth map for a wall angle of 0.7°. The parameter estimates have been marked
by circles and the arrow shows the result of the depth reduction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

grooves, and increasing the bias power during etching. Optical testing in
the new cryogenic test bench with QCL laser sources allowed us to es-
timate the grating parameters with sufficient precision that the com-
ponents could be greatly improved by adjusting the depth. This means
that the METIS instrument at the ELT will be equipped with the best N-
band vortex phase masks to date.

4.1. Future

At the time of writing, these components are awaiting installation in
the METIS instrument.

Diamond has an absorption band from 2- and 3-phonon interactions
around 5 pm. While it is not a very strong absorption, the overlap with
the M-band makes diamond less than ideal for this wavelength band. In
the future we will investigate using other materials or very thin diamond
substrates for this band. Reducing the thickness of the diamond sub-
strate will make the component more fragile and difficult to work with,
but it will let us use the same etch process. In the extreme case, a thin
diamond film may be used or even an unsupported grating [24] though
this would require connecting the rings of the AGPM grating. Using a
different material will require a new fabrication process. As mentioned
under AGPM design above, IR transparent materials with suitable
refractive index may be difficult to etch and require a lot of process
development.

We have seen some indication that the etch rate varies slightly (up to
around 1 %) between crystal grains in the diamond. We used a mix of
physical and chemical etching with reactive ions impacting the surface
at high speed. When chemical etching dominates (i.e. the bias power is
low), diamond can be etched crystallographically [11,12], so a small
difference in etch rate is not surprising even when the etching has a
strong physical component. To reach even higher precision, future
AGPMs may benefit from being etched in single crystal diamond [5].
This may also help reduce both bulk and surface defects, since many of
them stem from grain boundaries.
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