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Infrared optics is a broad general term, relevant to a range of fields. The manufactured diamond
optical components utilized within this thesis were applied to both astronomy, in which direct
imaging of star system using large ground-based telescopes and diamond coronagraphs was
performed, and in absorption spectroscopy probing solvents and proteins using a tuneable
quantum cascade laser and diamond waveguides.
The optical components presented in this thesis are all made from diamond, as it is one
of few materials that is transparent in the infrared regime. Furthermore, diamond has other
unique properties that include high thermal conductivity, low thermal expansion and chemically
inertness. In this thesis synthetic diamond grown by chemical vapor deposition has been used,
using commercially available components and equipment.
The focus of this thesis was to produce optical gratings for different applications using plasma
etching. The first steps involved understanding the etch process and optimizing the plasma
etch parameters to enable the fabrication of new types of nano/micro meter sized structures
in diamond. Optimization of the etch masks is also included in the work. With this newfound
knowledge, deeper and narrower optical gratings than before could be realized.
Optical evaluation of the gratings in special designed optical test benches was used to
determine the coronagraphic performance of the manufactured diamond coronagraphs. Most
often the designed etch depth could not be reached in the first attempt and therefore a postfabrication method for tuning the etch depth was developed. This showed to be vital to realising
high performing diamond coronagraphs. Diamond coronagraphs were also installed in several
ground based telescopes and discovery of new astronomical objects are presented. With deeper
understanding of the etch process more complex coronagraphs in diamond were manufactured
opening up for use in the next generation of giant telescopes.
In the second part of this thesis, fabrication of diamond waveguides for sensitive analysis of
solvents and proteins using infrared spectroscopy is presented. Different designs of diamond
waveguides are demonstrated and initial analysis of organic compounds and glucose using a
quantum cascade laser as the light source is presented. This type of biosensor will be used to
study the secondary structure of proteins relevant for different diseases.
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Introduction

“The good thing about science is that it is true
whether or not you believe in it.”
- Neil deGrasse Tyson

Humans have always looked up at the night sky and today with our sophisticated instruments, ground and space based telescopes we can discover new
unknown astronomical bodies in great detail [1]. At the end of the 20th century we got our first proof of extra-solar planets [2]. There are many methods
of detecting extra solar planets, and the number of new worlds discovered is
increasing. They are categorized based on size and position and are divided
into terrestrial, small rock-based Earth-like, and Jovian, Jupiter-like gas giants. In addition they are further categorized according to the mass, size and
orbit. When orbital parameters and star classification are known, it can be
determined if the companions are within the circumstellar habitable zone –
also known as the “Goldilock zone” [3] a region where liquid water can be
found. As more information is collected, new findings come to light. Now it
is also possible to detect gas and dust in other planetary systems. These particles make up circumstellar disks and imaging of these disks can help to
understand planetary evolution, from a proto-star to star systems and understanding planet migration. With larger telescopes [4] comes larger mirrors
which makes it possible to see objects further away from earth, and view the
already discovered planets at higher resolution. As more photons are collected in the infrared (IR) region, it is easier to separate the absorption spectra of
the extrasolar planets from their host star. This also enables the determination of atmospheric composition since IR light contains information about
chemical bonds [5]. Thus, it is possible to detect water vapor, methane and
oxygen on faraway worlds. In the first part of this thesis a special type of
diamond coronagraph, working in the IR, has been designed, fabricated and
installed in world leading telescopes in order to directly image extrasolar
planets. The main objective is to block the light from the star to unveil the
hidden planet. These types of coronagraphs consist of so called subwavelength gratings in diamond which are sometimes smaller than 1 µm, with a
depth of several µm, making them extremely difficult to fabricate. The main
focus of this thesis has been on realizing this type of demanding diamond
structures by using and developing advanced microfabrication methods.
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In the other part of this thesis the developed diamond microfabrication
techniques has been used to realize diamond waveguides. IR spectroscopy
(2-12 µm), with a high sensitivity, of analytes placed on the waveguide surface can be performed by coupling IR light though these waveguides. As
mentioned, IR absorption spectroscopy gives information of the chemical
bonds, in this case of the analyte placed on the waveguide surface. Compared to existing techniques where macroscopic crystal (several mm thick) is
used, this technique promises an extremely sensitive sensor that can be used
for analyzing organic compounds and proteins. However, since the diamond
waveguides are very thin (1-15 µm) it means that a lot of light is lost when
trying to couple IR light through them. In this part of the thesis the use of a
new type of powerful so called quantum cascade laser has been implemented
to couple light through microfabricated diamond waveguides. Thus, overcoming previous limitations in terms of too few photons going through the
waveguide.
Finally, common for both applications of microfabricated diamond optical
components (coronagraphs based on optical gratings and waveguides) in this
thesis is their application in the IR regime. The coronagraphs are designed to
operate in different ranges between 2-14 µm. The diamond waveguides operates between 5-11 µm, which sometimes is called the molecular fingerprint
region of molecules. To realize this, a material that is optically transparent
must be utilised – and diamond is one of the very few materials that meet
this criteria. Diamond is transparent from the ultraviolet region to the far IR
region (broadest transparency window of all materials known). Moreover, in
both applications a material that is rigid, easy to cool and not reactive with
its surroundings is needed. Amazingly diamond is superior here as it is extremely hard and scratch-resistant, it has a low thermal expansion and a high
thermal conductivity (highest of all solids), and finally it is chemically inert
[6]. As for cons, natural diamond is extremely expensive, and it is more or
less impossible to find diamond of sizes needed in the applications presented
in this thesis (either an area of cm or in thin films). However, during the 50’s
the first synthetic diamond was made. Since then the technique for fabricating synthetic diamond has been fine-tuned [7]. Today, synthetic diamond
can be produced with higher quality than can be found in nature. Different
qualities of diamond can be manufactured such as diamond like carbon,
nanocrystalline diamond, polycrystalline diamond of optical quality to single
crystal diamond. Moreover, thin diamond films can be deposited on substrates. In this thesis polycrystalline diamond substrates and diamond films
of optical quality have been grown using Chemical Vapor Deposition (CVD)
[8]. These diamonds have similar properties as natural diamond. Although
diamond is extremely hard and inert, there are ways to etch diamond in a
controlled way. Diamond can be microstructured using common Micro
Structure Technologies (MST) [9] which involves high density plasma etching using an oxygen chemistry.
14

Hunting for celestial bodies
From the time that Copernicus, Galileo and Kepler [10] explained that our
world was part of a heliocentric system, astronomers have been searching for
other worlds. Other stars have always been seen, but with larger telescopes
the hunt for planets orbiting other stars began. A hot Jupiter-like planet orbiting another star became the first discovered extra solar planet [2]. Many
more discoveries followed soon after.
There are several indirect methods [11] to determine if a star hosts a planetary system; the most common today is the transit method in which the
stellar light is decreased when the orbiting planets pass in front of it, see
Figure 1. By measuring the drop in intensity it is possible to determine the
size of the object and from the periodicity of the drop the orbit can be determined. This method is only possible to use if the companions are orbiting in
front of their host star when viewed from earth.

Figure 1. Simplified schematics of indirect discovery methods. (left) When objects
pass in front of its host star the intensity from the start is decreased and is known as
the transit method. (right) When two objects interact, tugging at each other, this
causes the host star to move towards and away from Earth resulting in Doppler shift
of the light, known as radial velocity.

In the beginning of the new millennium the Kepler space telescope was
launched and it radically increased the amount of exoplanets discovered via
the transit method, see Figure 2 for a representation of exoplanets discovered per year and with which method. Only confirmed planets are shown
[12] (updated 2018-03-15). Until 15th of March this year 3745 exoplanets
have been confirmed as discovered, 33 of them were bona fide with direct
imaging [13], meaning that the objects considered exoplanets are at most 13
Jupiter masses and/or are not orbiting brown dwarfs.
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Figure 2. Graph of confirmed exoplanets, using transit method (green), radial velocity (blue) and direct imaging (red). The y-axis is also truncated as the Kepler
confirmed planets overshadowed the other methods.

Another indirect method is radial velocity where the oscillation of the host
star is determined from the observed redshift, see Figure 1. By measuring
how much the light is changing over time, the tugging from companion(s)
can be determined. Degree of red shift corresponds to a specific mass and
thus the planet mass can be measured. The photons from the companions in
this case are unseen, this since it is only the gravitational effect that is observed. Both of these methods are dependent on the system orientation in
relation to observation, if the inclination is too large the companions will
never pass in between their host star and earth and so no transit is observed.
Radial velocity is still detectable even at highly tilted angles, but it becomes
harder to detect as the partial Doppler shift is smaller.
In comparison to these methods, direct detection of extrasolar planets relies on detecting photons from the planet. Direct imaging is of course much
more interesting as the planet itself is imaged [14]. In addition, direct imaging is independent of orientation relative to Earth, see Figure 3. With direct
imaging it is also quicker to find the orbits of planets moving very far out in
their system, since such orbits can take centuries to complete. For the transit
method, one dip of intensity is not enough to confirm the existence of an
exoplanet, a periodicity needs to be found which can be extremely time consuming if the orbit is long. Direct imaging is also a good method for confirming the indirect approaches.
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Figure 3. Star system with two companions seen from different angles. With direct
imaging the planets can always be seen (except when passing in front of or behind
its host star).

As stars outshine their companion many times (109-12), high contrast imaging
is required. This makes it extremely difficult to directly image exoplanets.
One way to directly image a planet is to use coronagraphs, which are components that remove the stellar glare without removing the light from the
planet. Traditionally this is done by blocking the star light using an opaque
mask installed in a telescope, but this is not very efficient as it cannot resolve
companions very close to the star. In this thesis a new type of so called vector vortex coronagraph (VVC) [15] made in diamond have been manufactured. These coronagraphs are designed to block the light from a star at a
relatively broad wavelength band, with the ability to facilitate high contrast
imaging at very small inner working angles, while maintaining high
throughput over a full 360 ° field of view

Telescopes and instrumentation
This thesis describes the development and microfabrication of this new type
of diamond coronagraph – the annular groove phase mask (AGPM) [16].
Moreover the first pictures from components installed in the world’s largest
telescopes are shown [17]. The largest telescopes in operation for observation of light are the Very Large Telescope (VLT, 8.2 m mirror diameter), the
Large Binocular Telescope Interferometer (LBTI, 8.4 m) and KECK (10 m),
see Figure 4. In the near future several larger telescopes are planned. The
European Extremely Large Telescope (E-ELT, 39.3 m) will use the manufactured diamond VVC presented in this thesis inside its Mid-infrared EELT Imager and Spectrograph (METIS).

17

Figure 4. a) VLT at the top of Cerro Paranal in the Atacama desert, Chile. Photo by
ESO/G. Hüdelpohl (atacamaphoto.com), b) LBTI at the top of Mt. Graham in the
Pinaleno Mountains, Arizona USA. Photo by LBTI/J. Cirucci (johnnycirucci.com),
c) KECK near the summit of Mauna Kea, Hawaii USA. Photo by KECK/JPL and d)
Future building site of E-ELT on top of Cerro Armazones in the Atacama Desert.
Photo by ESO/G. Hüdelpohl (atacamaphoto.com).

Discovery of extrasolar planets
In 2008 the star HR8799 A and its three companions were discovered using
direct imaging. The process for finding companions in the case of HR8799
[18], see Figure 5, was not actually performed with VVCs fabricated in diamond, but rather with liquid crystal polymers (LCP) [19]. The technology is
the same, a transparent phase mask which nullifies the starlight passing
through the optical singularity. HR8799 e has later been imaged with VLT
using diamond coronagraphs in the L-band to demonstrate that HR8799 e is
also seen at higher wavelengths.
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Figure 5. Direct images of HR8799, (left, photo by ESO/M. Janson) no coronagraphic components (middle, photo by ApJ Letters/ Thayne Currie) using a physical
occulting mask as coronagraph (right, Science/C. Marois) using a VVC made of
LCP for the infrared K-band.

Infrared spectroscopy
Mid-infrared (MIR) spectroscopy is an extremely powerful method to study
molecules (organic solvents, biomolecules etc.) since it combines chemical
specificity and sensitivity with almost non-destructive probing. MIR vibrational spectroscopy (3500-500 cm-1 or 3-20 µm) is based on the excitation of
fundamental molecular vibrations which are characteristic for each species,
as well as its molecular structure. The region of 2000-900 cm-1 or 5-11 µm,
which is considered the finger print region [20], is especially suited to probe
the secondary structure of proteins and can determine if the proteins are
folded into sheets or helices. A common technique is Fourier transform infrared (FTIR) attenuated total reflection (ATR) [21] in which the evanescent
field is absorbed by an analyte covering the surface of a crystal. When light
is totally reflected inside a transparent material, which occurs when the material has a higher refractive index than the surrounding medium and when
the incident angle is higher than the critical angle. An evanescent wave is
created at the crystal surface (penetration in the order of a few µm), see Figure 6. The medium is either surrounding atmosphere or liquid/solid applied
to the surface.
When an absorbing analyte is present at the crystal surface, molecules interact with the evanescent field resulting in absorption at specific resonating
frequencies, i.e. the vibrational states of the molecules. This result in an altered transmission spectrum and by comparing the transmitted spectrum with
and without an analyte, the absorption spectrum of the analyte can be com19

puted. This method can for instance be used to detect the type of analyte by
comparing spectrum with databases.

Figure 6. Schematic of an evanescent field created in (left) a crystal by a single
reflection and (right) of a continuous evanescent field created by a thin film waveguide allowing for many reflections.

Since the number of reflections is inversely proportional to crystal thickness
the sensitivity is significantly increased by working with a thinner element,
see Figure 6. Thus, the fabrication and use of diamond waveguides for sensitive IR spectroscopy is presented in this thesis. The sensitivity of the diamond waveguides can further be improved by also constricting the width
and/or thickness of the waveguide to reduce scattering and confining the
beam completely within the waveguide. See Figure 7 for a simplified model
of a waveguide design used in this thesis.

Figure 7. Schematics of free hanging waveguide structures on a substrate frame.
The waveguides are oversized as they would not be seen to scale compared with the
frame.

In this thesis a tuneable quantum cascade laser (QCL) [22], has been used to
optically evaluate the diamond waveguides, and for first proof-of-principle
measurements of well-known analytes.
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Micro-optical components

“Optics, developing in us through study, teach us to see”
- Paul Cezanne

The infrared is a broad spectrum (0.75-1000 µm) and the work conducted
within this thesis covers wavelengths between 2 and 14 µm (MIR). This
thesis focuses on the microfabrication of diamond optical components used
in observational astronomy (direct imaging of star systems) and infrared
spectroscopy (protein analysis).
The structures fabricated and studied are optical gratings, which consists
of repeating structures (grooves) with a certain period (Λ), depth (d) and
width at the top of the grating (w). Diamond gratings are not possible to
fabricate with completely vertical walls [23], i.e. a binary grating, which
adds another parameter to consider – the sidewall angle (α), see Figure 8.

Figure 8. Schematic of the grating profile, showing the grating parameters.

Most of the periodically repeating structures fabricated in this thesis are
called subwavelength gratings indicating, as the name implies, smaller feature sizes than the illuminating wavelength. Subwavelength gratings means
that the incoming light will in some sense not see the grating, instead it will
substitute the grating with an artificial refractive index. This new refractive
index depends on the grating parameter and is between the refractive index
of the surrounding media and the material of the optical component. For a
general overview of the different subwavelength gratings see Figure 9.
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Figure 9. From the left is a 1D binary, a 2D and a 2D rotational symmetric grating.

Fabrication of 1D binary subwavelength gratings were used to demonstrate a
quarter wave plate (QWP), which are a phase shifting element. 2D binary
subwavelength structures were fabricated to reduce the surface reflection, so
called anti-reflective structures. Those anti-reflective structures where used
on the backside of the diamond coronagraphs. The fabrication of rotational
symmetric patterns are used for new types of diamond coronagraphs. Specifically, the annular grove phase mask (AGPM). In a sub-project coronagraphs
with a so called higher topological charge was realized, that is, an asymmetrical pattern with constant period.
In the last part of this thesis different designs of diamond waveguides are
presented.

Phase-shift masks
Common types of phase-shift masks are the waveplates or retarders. They
are optical devices that alter the polarization state of a light wave travelling
through it. A half-wave plate (HWP) changes the polarization direction of
linearly polarized light, and the quarter-wave plate (QWP) converts linearly
polarized light into circularly polarized light and vice versa. Diamond itself
is not birefringent, but can achieve artificial birefringence or formbirefringence by fabricating gratings on the diamond surface in the subwavelength regime [24]. In this work two different variants of QWPs were fabricated, using 1D subwavelength gratings. One on a diamond substrate and the
other on a thin film (a few µm) as a free-hanging diamond window. Both
were designed to create a phase retardation of π/2. The reason to fabricate a
free-hanging grating was to evaluate if the backside reflection could completely be removed, since a substrate in general terms does not exist for a
free-hanging grating.

Vector vortex coronagraphs (VVC)
The path to the coronagraphic components designed and manufactured in
this thesis has been under development for a long time. It began with theo22

retical design by D. Mawet et al. [25], and first prototypes was realized by
C. Delacroix et al. [26]. This thesis is the continuation of this work, focusing
on better understanding of the fabrication process and realizing and optimizing VVCs for wavelengths in the so-called H-, K- and L-band. A special
focus is also placed on fabricating high performing coronagraphs, which is
vital for qualifying for installation in telescopes. To explain how these specific types of VVC work the HWP can first be considered. The HWP retards
the phase difference between the two components of incident light by 180 °
or π. The 1D HWP pattern is then evolved into the four quadrant phase mask
(FQPM) which introduces a singularity and nullifies light at the singularity
as the phase shift causes destructive interference. The FQPM does have a
drawback, however, as it has “dead zones” or discontinuities in the areas
between the different segments, see Figure 10. If the FQPM is rotated physically, the result is the AGPM, which is continuous.

Figure 10. The evolution of the grating design; phase mask going from HWP (left)
to FQPM (middle) to the AGPM (right). Only the last two are used for coronagraphy.

In an optical vortex, the light attains a helical phase ramp around its axis of
travel. Due to the helical phase, rays propagating close to the center destructively interfere and cancel each other out. When a beam is projected onto a
flat surface, the center is missing giving the beam a donut shape. The vortex
is denominated by a number, which is the number of times the beam experiences a 2π phase retardation while traveling a full rotation around the axis
[27]. The AGPM is a subwavelength grating vortex phase mask of topological charge 2 (SGVC2) as the phase delay at the singularity is 4π.
Since destructive interference occurs at the singularity, light propagating
further from the center is unaffected. By comparing two beams, one propagating on-axis and the other off-axis, the efficiency decrease, as quantified as
the null depth over the spectral band, is used to determine the coronagraphic
performance.
The AGPM is a SGVC2 which means that it twists the light twice at the
center. The destructive interference (“nulling”) occurring inside the geometric pupil area determines the coronagraphs performance and is quantified by
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the value of the so-called “null depth” coefficient over the considered spectral band.
As the optical singularity function is to cover a point-like source, two criteria are of importance, one being how close a point can be to another while
still both being detectable, the so called inner working angle (IWA) and the
other being alignment sensitivity. A lower topological charge component has
a lower IWA, while higher charge has less sensitivity to alignment [28].
A fabricated L-band AGPM is shown in Figure 11 together with a closeup of the singularity using a scanning electron microscope (SEM).

Figure 11. Left, photograph of the AGPM and right SEM micrograph of the optical
singularity.

Grating parameters for the different AGPMs where calculated using rigorous
coupled wave analysis (RCWA). The calculated parameters for the three
wavelengths bands are presented in Table 1.
Table 1. AGPM grating parameters.
Band
L
K
H

Wavelength
[µm]
3.4–4.1
1.95–2.35
1.48–1.77

Period
[µm]
1.42
0.80
0.60

Width
[µm]
0.55–0.75
0.32–0.48
0.25–0.33

Depth
[µm]
4.0–6.0
2.0–4.0
1.6–3.0

Angle
[°]
2.0–3.6
2.0–3.6
2.0–3.6

VVCs of higher topological orders were also designed and fabricated. They
are much more complicated to fabricate, however in theory they should be
less sensitive to low order aberrations, such as tip-tilt, focus and astigmatism. Higher topological charge vortex coronagraphs have many different
design options [29], in this work it was chosen to increase the maximum
phase retardation from 4π to 8π. That is, moving from a topological charge 2
component to a topological charge 4 component (SGVC4). There are many
possible designs for the SGVC4, but not all are realistic as some would require infinitely thin lines and absolute resolution. For a topological charge 4
vortex, a continuous pattern with constant width is not an option. Therefore,
a discontinuous pattern was proposed. Two different patterns were designed,
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manufactured and optically evaluated. The designs realized in this work
were the 8 and 32 segment with straight lines SGVC4, see Figure 12.

Figure 12. CAD patterns of the ten first periods of 8 and 32 segment SGVC4.

Coronagraphic performance simulation
RCWA [25] was employed to calculate the grating parameters of the AGPM.
Firstly, a grating period is set to a constant value. The grating period is chosen by using the subwavelength criteria; that is, the grating period must be
shorter than the illuminating wavelength divided by the refractive index of
diamond (2.38). The next parameter to be set is the sidewall angle of the
grating walls. Due to previous diamond etching experiments this parameter
is normally well known and can been set to a fixed value. The parameters to
vary are then the line width of the grating and the grating depth. From this
standpoint it is possible to calculate the coronagraphic performance of the
null depth (N) or rejection ratio (R = 1/N) for different parameters of the
grating. The rejection ratio express how much of the “starlight” is supressed
without affecting the light coming from the “planet”. In Figure 13, the rejection ratio for an AGPM with varying widths and grating depths is shown. As
can be seen in the figure very small changes in line width and etch depth
drastically changes the performance of the AGPM. Since it is extremely
difficult to reach the designed line width and etch depth due to fabrication
errors most fabricated AGPMs will most probably not perform as well as
expected. A method for tuning the grating, after fabrication, is presented in
next chapter.
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Figure 13. RCWA computation of the rejection performance for constant period and
sidewall angle while varying the width at the top and depth for a L-band component.

Antireflective gratings (ARG)
To be able to reach as the highest possible rejection ratio for the AGPMs,
they were equipped with an ARG on the backside of the components. Diamond has a high surface reflection, 17 % for a flat-polished surface, which
means that light will bounce back into the AGPM component. The light will
hit the AGPM surface and a ghost signal will be created. Initial calculations
show that a 2 % reflection will degrade the rejection ratio with a factor of
two. Therefore, it is vital to reduce the surface reflection to less than 2 % (or
even lower). Once again, subwavelength gratings are used, this time as a 2D
pattern. By choosing the correct grating parameters with the help of RCWA,
an artificial refractive index can be created that gives antireflective properties (similar to the classical case using a thin film with matching refractive
index and film thickness). In this way the reflection can be reduced to below
1 % for the intended working regime in the IR [30]. The anti-reflective structures were not developed any further within this thesis, but they were designed for shorter wavelengths and created using e-beam lithography. The
fabrication process for the ARGs is much simpler than for the AGPMs. This
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is because the aspect ratio needed for an ARG is most often less than 1,
while for an AGPM it can be up to 10. The focus of this thesis has been on
the subwavelength gratings with higher aspect ratio. In Figure 14 a typical
SEM micrograph of the ARG is shown.

Figure 14. SEM micrograph of anti-reflective grating for the backside of the AGPM
working in the 3.5-4.1 µm region.

Waveguides
As the name implies, these structures are used to guide light inside them.
The waveguides demonstrated are slab waveguides which are fabricated by
growing a thin diamond film (thicknesses between 5-15 µm) on a 2 µm silicon oxide (SiO2) layer on top of a silicon (Si) wafer. The SiO2 acts as a cladding layer. In the case of diamond rib waveguides (RWG), the diamond
waveguide is etched into the diamond film. In addition, free-hanging diamond waveguides (FHWG) supported by a Si frame were fabricated. This
was done to avoid leakage of IR light into the underlying SiO2/Si. Here, a
macroscopic diamond crystal (450 µm thick) is used for comparison. See
Figure 15 for simple schematics of each variant.

Figure 15. Schematic overview of the different kind of WG produced in this thesis.
From left to right, the diamond crystal (not a waveguide), diamond slab (thin film)
on a Si substrate, diamond RWG on Si substrate and diamond FHWG on a Si frame.
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Microfabrication

“Seeing is the first step. Understanding is believing and
science is understanding.”
- Phil Plait

The fabrication process is a tedious part in the manipulation of the diamond
surface. It requires meticulous handling of the samples and great care. To
produce the components used in this thesis, most have gone through the fabrication steps described in this section. The main necessary steps to produce
a micro-structured optical grating in synthetic diamond are; sample cleaning,
sputtering of mask materials, lithography, plasma etching, and stripping of
mask materials.

Diamond substrates and films
For the manufacturing of diamond coronagraphs synthetic polycrystalline
diamond of optical grade from Element Six Ltd. and Diamond Materials
GmbH was implemented. The size is 10 mm in diameter with a thickness of
300 µm. They are polished to surface roughness root-mean-square value of
less than 15 nm. For the manufacturing of QWPs (thin diamond window)
and diamond WGs, polycrystalline diamond films of 5-15 µm were grown
by Diamond Materials GmbH on silicon nitride/silicon oxide/silicon
(Si3N4/SiO2/Si) and SiO2/Si, where the oxide and nitride (not always used)
films acted as a cladding layer. The diamond surface was polished to a surface roughness root-mean-square value of less than 30 nm. Finally, the large
wafer (4 inch) was diced into smaller samples of 10x10 mm for easier handling and to attain more samples.

Sample cleaning and metal stripping
To remove any residual species or particles from the surface, the diamond
substrates are first submerged in acetone then isopropanol and finally water.
Afterwards hot acid baths in Piranha solution, which is a mixture of 1 part of
sulphuric acid (H2SO4) and 1 part of hydrogen peroxide (H2O2), was used.
This was followed by cleaning in a mixture of hydrofluoric acid (HF) and
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nitric acid (HNO3). After the acid baths, the substrates were rinsed in water
to quench the acids and then rinsed in isopropanol as it is easier to dry with
nitrogen gas. The same process was applied after the last etch step to remove
residuals from the carbon tape used to attach the substrate for the SEM analysis, residuals from the wax used to attach the substrate to the carrier wafer,
the metal mask layers and the aluminumoxide (Al2O3) which was redeposited during the diamond etching (see following sections).
The samples which had diamond films were not subjected to HF:HNO3 as
the HF etches Si and would have destroyed the substrate.

Mask deposition
Prior to etching the diamond, the mask materials need to be deposited and
patterned. The etch mask material needs to have the slowest etch rate possible compared to the diamond etch rate in the plasma etch process. Aluminium (Al), titanium, gold [31] and chromium [32] are good metal etch masks
for etching diamond. Al has a high etch selectivity (diamond etch 50 times
faster than Al) and is easy to deposit and was therefore the material of
choice. In the next step a thin layer of Si was deposited followed by deposition of a thin layer of Al. The use of the two last films is to be able to transfer the desired pattern into the thick Al mask using different types of lithography (see following sections).
The masking layers were deposited by magnetron sputtering (Von Ardenne CS 730S). Three layers were deposited on top of the cleaned diamond
surface in sequence; a thick Al layer, a Si layer and a thin Al layer. The
samples were exposed to air between the layer depositions. In this way, a
thin native oxide is formed in between the mask layers. Most of the time a
thickness of 1000 nm Al, 500 nm Si and 100 nm Al was deposited. 1000 nm
thick Al is normally adequate to last for ~5 µm of diamond etching. For the
thick diamond films (>15 µm) to be used as waveguides the metal stack was
increased three times in thickness and for the shallow structures only the first
Al layer was used. Lastly a photosensitive polymer (resist) is spin-coated on
top of the masking layers, the resist is then soft baked on a hot plate to remove any excess solvent.

Lithography – pattern transfer techniques
The patterns demonstrated in this thesis were initially produced in a resist
film using standard photolithography [33] or electron beam lithography [9].
Using standard UV-photolithography, resist structures on top of a substrate
down to approximately 1 µm can be produced. In the case of electron-beam
lithography (where the pattern is written by a modified SEM) structures in a
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resist layer down to at least 50 nm can be produced. Standard photolithography is well suited for mass production of micrometer sized structures while
electron-beam lithography is very time consuming and therefore expensive.
One option for decreasing the cost when using electron beam lithography
is to employ nanoimprint lithography (NIL) [34], which involves the replication of the electron beam lithography pattern into a hard or soft stamp, thus
creating a negative replica of the original pattern. Previously a soft stamp
containing the AGPM pattern was used to fabricate AGPMs for longer
wavelengths (10-12 um), this was achieved by pressing the stamp onto a
diamond substrate with a thin resist on top at high pressure and elevated
temperature. However, it was observed that the line width of the grating
varied over the substrate using this technique. Moreover, a problem with
high residual thickness of the resist in the trenches was observed. Therefore,
a modified solvent assisted microcontact molding (SAMIM) was used for
the fabrication of all AGPMs presented in this thesis. For the fabrication of
diamond waveguides standard UV photolithography was employed, since
the smallest structures were about 20 µm.

Solvent assisted microcontact molding (SAMIM)
The AGPM pattern is first manufactured in a thin resist using electron beam
lithography. The pattern is replicated into a soft stamp of polydimethylsiloxane (PDMS) by simply pouring the liquid PDMS on top of the AGPM structures. The PDMS is then baked in an oven, which will harden the PDMS
(feels more or less like a contact lens). The PDMS is then gently peeled off
from the electron beam written pattern, resulting in a perfect replica of the
AGPM pattern in the PDMS stamp. In parallel, a diamond substrate (with
the etch mask layers on top) is spin coated with a photoresist. Diluted photoresist (Shipley S1813, Microposit) with solvent (AZ EBR 70/30, Microchemicals) in various ratios was used. The PDMS stamp was placed on top
of the resist layer and then placed into a beaker containing ethanol. The diamond samples were positioned on a larger wafer which is then placed on a
pedestal in such a way as to not touch the liquid. The beaker is then covered
with Parafilm M to prevent the ethanol vapor from escaping. The ethanol
vapor permeates the stamp and dissolves the resist, see Figure 16. The resist
then becomes viscous and due to capillary forces will fill up the structured
stamp. To ensure that the grooves will be completely filled, the volume of
the filled area has to be matched with the resist thickness. A resist which is
too thick compared to the volume of the grating grooves will lead to a thick
residual layer in the resist. A thick residual layer in the resist means that one
has to etch for a longer time before reaching the underlying Al, and the
structures will be somewhat degraded. After a couple of hours, the diamond
samples are removed from the container and placed onto a hot plate at a
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lower temperature, 50 °C, to remove the excess ethanol. When a pattern is
observed through the stamp, the stamp is removed and the hot plate is heated
to hard baking temperature, 115 °C.
The pattern transfer method utilized in this thesis is a modified version of
SAMIM [35] where ethanol is instead directly applied to the PDMS stamp.

Figure 16. Left side, schematic overview of the SAMIM process, a) stamp placement, b) dissolving the resist and filling of surface relief, c) solvent removal and d)
hardening with hot plate. Right side, e) stamp positioning on carrier wafer and f)
covered container during vapor permeation phase.

Etching, deep reactive ion etching (DRIE)
The etching of mask layers can be done either by wet or dry etching, see
Figure 17 for a simplified overview. Wet etching is relatively fast (550 µm/minute) and it is normally etched isotropically, however, there exists
some wet etching methods that etches anisotropically along the crystal
planes [36]. Dry etching is performed with plasmas, using different gas
compositions, and using a wide range of different plasma etching systems.
Using plasma etching opens up the possibility to etch completely anisotropic
structures. One of the most common systems is the so called reactive ion
etching (RIE) system in which a plasma is generated and the ions are accelerated towards the wafer. By combing this RIE system with an inductively
coupled plasma (ICP) the plasma density can be increased which allows for

32

faster etching. The etched surface is usually smoother using ICP-RIE systems.

Figure 17. Schematic of etch profiles for silicon, left side is for wet etch, in which
the etch rate is the same in every direction for isotropic and faster for one crystal
orientation (111) leaving a sharp angle (54.74 °) until the sides collide for anisotropic. Right side is for dry etch in which the etching is more directional. Isotropic
has some under etching while anisotropic does not.

All the structures described in this thesis have been processed using an ICPRIE system (PlasmaTherm SLR) with two different plasma chambers. One
for metal etching, in which the Al has been etched, and the second one is for
silicon etching, which was also used for the diamond etching. In this system,
it is possible to change the gas mixture and the gas flow, the pressure, the
ICP power and the bias. As the etch system was built for 4 or 6 inch wafers,
the diamond substrate were all attached to a 4 inch Si wafer using melted
wax (Crystalbond 509) prior to etching.

Deep aluminum etch
To maintain a vertical profile (90 degrees) of the etched grating when using
plasma etching, sidewall passivation is required. This is to protect the sidewall from being etched by the reactive species (radicals) created in the plasma. A well-known process for this is the Bosch process [37] in which perfluorocyclobutane (C4F8) is used to cover the sidewall during cyclic etching.
In our process, we took advantage of Al creating a native oxide (Al2O3)
when exposed to oxygen. The regular Al etch process is fairly anisotropic
but starts to under etch if etched deeper than ~100 nm. As the Al etching step
is somewhat anisotropic, the Al2O3 is etched faster at the bottom than at the
walls. With a short Al etching step the sidewalls of the Al grating are left
unharmed. A thick Si (about 500 nm) mask was used as the etch mask for
etching the thick Al film (about 1 µm). See Figure 18 for a process overview of deep Al etching. A thin Al layer (100 nm) was used as etch mask on
top of the silicon layer. Here a regular Al etch process could be used.
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Figure 18. Aluminum Bosch variant, a) Al etched using chlorine plasma, b) passivating sidewalls using oxygen plasma, c) Repeating process a), d) cycled process a)
and b) several times. In the SEM micrograph e) the scalloping of the aluminum
layer can be seen.

The three masking layers were etched one by one. The thin structured resist
layer (created by SAMIM) was used as a mask to etch the pattern into the
top thin Al layer using chlorine (Cl2/BCl3) plasma at a low bias. The Si layer
was then etched with hexafluoride/perfluorocyclobutane/argon (SF6/C4F8/Ar)
plasmas using the Al layer as the etch mask. The etch process produces vertical Si sidewalls as the C4F8 passivates the sidewalls. The Si etch process
has very little effect on the Al mask, thus over etching was not a problem.
The Si layer then served as mask for etching the thick Al layer, using two
plasma processes that were cycled (as explained above). In the first step Al
was etched in a Cl2/BCl3 plasma with strong bias power and in the second
step an O2 plasma with weak bias was implemented to oxidize the Al surface. For an overview of the etch steps, see Figure 19.
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Figure 19. On the left side the metal mask etching steps are shown as schematics. a)
SAMIM patterning b) The Al etch, c) Si-etch and d) the deep Al etch are shown with
their corresponding SEM micrograph in cross-section on the right side a) & e), c &
f) and d & g). The line width of the grating is 700 nm.

Plasma etching of diamond AGPMs
To etch diamond a high density oxygen plasma is needed [38]. Today this is
achieved using an ICP plasma etching system. Moreover, high ion bombardment of the diamond surface is required, this is accomplished by using a
high bias (the “RIE”-part) in the ICP system. The combination of highly
reactive oxygen radicals (formed in the plasma) and oxygen ions (also
formed in the plasma) that bombard the diamond surface (at normal incident
angle to the diamond surface) gives anisotropic etching of diamond with etch
rates of about 200 nm/min. Sometimes Ar is also added to the process. A
series of etch recipes originating from our previous work [39] were tested to
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see if the etching behaviour could be altered. For instance, pure O2 chemistry
was compared with using an Ar/O2 plasma. Moreover, the bias and process
pressure were varied. Special attention was paid to how the variation of process parameters affected the sidewall angle of the etched grating. For a full
parameter description of each recipe see Table 2. The original process parameters were 40 sccm O2 and 20 sccm Ar at 5 mTorr, a 220 W bias and an
ICP power of 850 W (not varied). From these parameters the bias was increased to 320 and 420 W. Preliminary tests had shown that a 120 W bias
results in the formation of grass at the bottom of the trench, see Figure 20.
The pressure was increased to 10 and 15 mTorr, as pressures below 5 mTorr
would not enable the plasma to be ignited.
Table 2. Process recipes for diamond etching, showing the sidewall angle of the
etched grating and the diamond etch rate.
Recipe

Gas
[sccm]

Bias
[w]

ArO2-22005
ArO2-32005
O2-22005
O2-32005
O2-42005
O2-22010
O2-32010
O2-22015

20 Ar, 40 O2
20 Ar, 40 O2
40 O2
40 O2
40 O2
40 O2
40 O2
40 O2

220
320
220
320
420
220
320
220

Pressure
[mTorr]
5
5
5
5
5
10
10
15

Sidewall angle
[α]

Etch rate
[nm/min]

3.36±0.10
2.84±0.17
3.06±0.20
2.48±0.13
2.09±0.14
3.66±0.26
2.63±0.12
4.16±0.21

112
136
126
150
196
112
154
111

Figure 20. SEM micrograph showing grass structure at the bottom of the trenches,
which start to occur at low bias (120 W).

A high bias needed to etch smooth structures in diamond, at a high etch rate.
However, this high bias leads to the sputtering of Al away from the surface
(by the incoming oxygen ions), subsequently redepositing as Al2O3 at the
diamond grating sidewall. Higher bias resulted in spreading the re-deposited
material further down into the grating and with low pressure, this effect increased further. When adding Ar the re-deposited Al2O3 remained on top of
the grating (clogging up the groove faster) and the etch rate was reduced.
Higher pressures gives slower etch rates and a tendency of grass formation at
the bottom of the grating. For a comparative image of the different etch profiles see Figure 21.
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Figure 21. SEM micrograph of the Al2O3 sputtering on the sidewalls. a) ArO222005, b) ArO2-32005, c) O2-22005, d) O2-32005, e) O2-42005, f) O2-22010, g) O232010 and h) O2-22015.

For easier representation of the data in Table 2, Figure 22 demonstrates how
the sidewall angle and etch rate changes due to pressure and bias.

Figure 22. Diagram of the data in table 2, showing the combinatory effects of pressure and bias for different gas composition to relate the etch rates and sidewall
angle for each recipe.
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Aluminum re-deposition
In the case of AGPMs with a small grating period it is vital that the redeposited material does not completely cover the opening, otherwise the
etching will stop. On the other hand the re-deposited material can protect the
top of the diamond grating during etching. That is, one needs to have control
over where the re-deposited material is sputtered. This etching study has
helped identify process parameters for realizing deep structures in diamond
in the sub-micrometer region. In the beginning of the diamond etching the
re-deposition is barely noticeable, however it increases over time. If etching
for a very long time the openings will be blocked and slow down or halt the
etching process, see Figure 23. In all cases the Al etch mask is facetted, due
to a higher sputter rate in some angles with respect to the impinging ions.
Etching for a long time means that the Al mask will be heavily degraded and
thus the etching has to be stopped.

Figure 23. SEM micrographs of an AGPM after etching for a) 5, b) 10 and c)
20 minutes.
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Tuning the grating depth
The only way to accurately measure the etch depth of a fabricated AGPM is
to crack the sample, place it in a SEM and take cross section images. This
cannot be done on a component that should be installed in a telescope.
Therefore, test samples (with similar grating) must be run in parallel with the
sharp component. During the diamond etching the test samples are removed,
cracked and the etch depth is measured. By knowing the total etch time one
can calculate the etch rate and determine the time the component should be
subjected to etching to reach a specified etch depth. However, the etch rate
normally varies over time, as etching is faster in the beginning, which makes
it challenging to reach the specified etch depth. As mentioned a small error
in etch depth or line width lowers the performance of the AGPM dramatically. The error in etch depth and/or line width can however be compensated by
changing the etch depth after the components have been fabricated. To be
able to either decrease or increase the etch depth of an AGPM two techniques are proposed, see Figure 24.

Figure 24. Schematic of AGPM profile etching in the cases of re-etching shallower
by spinning resist and then diamond etching, and of re-etching deeper by sputtering
Al, opening the film up at the bottom and then diamond etching.
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The idea behind making a grating shallower is based on filling the grating
grooves with another material. Here photoresist was used to fill up the
grooves. The diamond AGPM surface is highly hydrophilic due to the previous diamond etching process using oxygen, i.e. an oxygen terminated surface and the corrugate surface in the sub-micron size. The liquid photoresist
will therefore completely fill up the grating structure. The AGPM is then
placed on a hot plate to harden the photoresist. In the final step the AGPM is
plasma etched using the standard diamond etch recipe – the photoresist in
the grooves will protect the bottom of the diamond grating, while the top of
the grating will be etched directly, as photoresist etch much faster than diamond using this recipe. Following this step all the resist is etched away and
the etching must be stopped, otherwise the AGPM will be quickly degraded.
As it can be seen in Figure 25, the top of the grating is facetted. If etched too
shallow the faceting will degrade the optical performance of the component.
This means that the grating cannot be made shallower. During the last step,
the remaining photoresist is stripped in acetone.
In the case of making the trench deeper a new mask is required. When
sputtering an Al film on an AGPM, a high aspect ratio grating, the Al films
becomes thicker at the top of the grating compared to the bottom of the grating, this due to shadowing effects. In the next step the Al coated AGPM is
etched using a standard Al plasma etching process, however, it is important
to stop the Al etching once the Al film at the bottom is etched away. Al on
top of the grating will still be present since this layer was much thicker from
the beginning. In the last step the AGPM is plasma etched using a standard
diamond etch recipe. The Al protects the top of the grating while the diamond at the bottom of grating is etched, leading to a deeper grating. The
grating had not only become deeper but also steeper due to the unprotected
sidewall at the bottom of the grating. See Figure 25 for actual etch results
after re-masking for both Al and resist.
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Figure 25. SEM micrographs of re-etched diamond samples by filling the structure
with photoresist (left) and from utilizing a renewed Al mask (right). In both cases the
depth was changed by 400 nm. The middle SEM picture is shows what the grating
looks like before tuning the depth.

In addition two trials were performed to see how much deeper a trench could
be made with the Al re-masking method, by repeating the process several
times. Both O2-32005 and O2-42005 were utilized with different cycling
times as the latter etches diamond much faster, see Table 3 for etch results.
The etch cycle times were divided into 6 minutes and 15 s for 320 W and
5 minute steps for 420 W, with 5 minutes cooling in between. Not all iterations are shown in the table as it is not feasible to crack the samples in half
too many times.
Table 3. Etch results for iterative etching with renewed Al masks
Etch parameters
O2-32005
O2-32005
O2-32005
O2-32005
O2-32005
O2-32005
O2-42005
O2-42005
O2-42005

Sidewall angle
[degree]
2.19±0.14
3.04±0.07
2.90±0.13
2.38±0.09
2.08±0.12
1.78±0.13
2.57±0.08
2.15±0.08
1.76±0.08

Depth
[µm]
4.42±0.04
5.30±0.06
6.03±0.03
7.28±0.06
8.66±0.04
9.61±0.08
5.90±0.08
7.34±0.03
9.94±0.03

Etch time
[min]
25
31.25
37.5
50
62.5
75
35
45
65

Etch rate
[nm/min]
177
142
117
100
110
76
148
144
130
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Not only did the trench become deeper than before, the verticality of the
walls also increased, see Figure 26. The decrease in etch rate over time is
attributed to the so called micro loading effect [40], e.g. when the grating
becomes deeper it will be more difficult for the etch gas to reach the bottom
of the grating. Even though the sidewall angle is higher, the trench will still
end up in a V-shape preventing further etching.

Figure 26. SEM micrographs of the cross-sections of iterated diamond etching with
re-masking. a) Pre-etched diamond grating with a depth of 4.42 µm, b) second iteration after 10 min reaching 5.90 µm in depth, c) fourth iteration after 20 min reaching 7.34 µm in depth and d) eighth iteration after 40 min reaching 9.94 µm in depth.

Fabrication of diamond waveguides
When etching waveguides standard photolithography was employed. However, the three layered Al/Si/Al mask stack was normally used. One problem
encountered when etching diamond waveguides is that the sidewall of the
diamond waveguide roughens, especially when etching deeper than 2-3 µm.
The reason is not completely known, although in this study the sidewall was
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not protected by re-deposited Al2O3 since the distance between the waveguide structures is normally several hundreds of micrometers, or only one
waveguide is fabricated per chip. Another reason can be that photolithography gives “rougher” structures compared to electron beam lithography followed by SAMIM. This means that the roughness in the resist structure will
be transferred into the thin film stack and finally into the diamond substrate.
It is extremely important that the sidewalls of the diamond waveguide are
smooth, especially at the ends of the waveguide. Otherwise it is difficult to
couple the light into and out from the waveguide and light will also be lost
when propagating in the waveguide due to surface scattering. By introducing
SF6 into the O2 plasma, the Al mask is slowly smoothened (and bevelled),
resulting in smooth diamond sidewalls. On the other hand, adding too much
SF6 will completely destroy the Al mask as the Al is etched much quicker
compared to the diamond, see Figure 27. The etching was cycled with
2 seconds of 0/2/4 sccm of SF6 and 60/58/56 sccm of O2 and then continued
with 28 seconds of 60 sccm of O2. This way the SF6 was still in the system.
With no SF6 the sidewall of the diamond waveguide is quite rough with pillars growing (grass due to re-deposition). While with trace amounts of SF6
no re-deposition occurred and quite smooth diamond sidewalls were produced.

Figure 27. Etch effects of having no (left), trace amounts (middle) and too much
(right) of SF6 in the gas mixture.

In some designs free hanging diamond waveguides were manufactured, produced by adding an extra Si etch step from the backside of the Si wafer. The
Bosch process was implemented and the etching was completely stopped
once the SiO2/Si3N4 cladding layer was reached, see left picture in Figure
28. The cladding layer between the waveguides was removed using buffered
HF, 1 part HF and 5 parts H2O.
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Figure 28. SEM micrograph of free-hanging waveguides before (left) and after
(right) the removal of cladding layers between the waveguides.

Focused ion beam (FIB)
A FIB has similarities to a scanning electron microscope (SEM) in that it can
image surfaces, although ions are used instead of electrons. [41] The ions are
much more energetic than the electron and can thus be used to mill the sample at the nano/micro-scale. It is a slow process but very fine, smooth cuts
can be produced. It is commonly utilised to cut out lamellas to be analyzed
in transmission electron microscope (TEM). [42] In the case for waveguides
produced in this thesis, the in- and out coupling area of the diamond waveguides (the ends of the waveguide) were sometimes not smooth enough to
enable good in- and out-coupling of the IR light from the QCL. To remedy
the lack of smooth walls, FIB was utilized to create an area with an even
plane towards the incoming light, see Figure 29 for edge improvement. The
ion milling was performed with water vapor as it significantly reduces the
time required to mill a diamond film [43].

Figure 29. FIB treated edge for better in- and out-coupling of the IR light.
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Optical performance evaluation

“If you're a hammer you think everything is a nail, but if you're science,
you have dozens, hundreds of tools to use and combine to build with.”
- Phil Plait

The AGPMs were optically evaluated in two specially designed coronagraphic test benches. One is located at LESIA, Observatoire de Meudon,
Paris in France and the other at Département d’astrophysique, géophysique
et Océanographie at Liege University in Belgium. The French team uses a
tungsten lamp as the light source, to simulate the starlight and the Belgian
team has a supercontinuum light source, which emits from 1-5 µm. Some of
the AGPMs were also evaluated with polarization measurements in our lab;
in a completely new optical setup, at Ångström Laboratory, Uppsala University. Here a QCL operating between 5.5 and 11 µm was used.
The diamond waveguides were optically evaluated using QCLs at the Institute of Analytical and Bioanalytical Chemistry in Ulm University, Germany, and in our optical lab at Uppsala University. The QCL in Germany had a
spectral window of 5.78-6.35 µm, while the QCL at Ångström Laboratory at
Uppsala University was the same for both optical benches.

Coronagraphic performance measurements
The coronagraphic test benches for this evaluation are scaled down versions
of the optics in large telescopes. Using broadband IR light sources and filters, it is possible to simulate a star and how much the star light would be
diminished by the AGPM. A schematic picture of the coronagraphic test
bench in Paris is shown in Figure 30.
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Figure 30. Schematic of the optical layout for the coronagraphic test bench
(YACADIRE) in Paris.

The YAmina CAlibration Detector Infra-Red Euros (YACADIRE) test
bench in Paris had been previously used to characterize a coronagraphy
mask for VLT/SPHERE [44]. A lamp filament was implemented to provide
a broad spectrum of radiation in mid-infrared wavelengths. The light is coupled through a single-mode fibre, the star simulator. The AGPM to be tested
was placed in an intermediate focal plane between two parabolic mirrors.
The core of the Airy spot created on the AGPM is F/D  150 µm wide. A
Lyot stop then blocks the diffracted light, reducing the pupil to 80 % of its
diameter. Finally the light is focused onto the IR detector, and has to pass
through a spectral filter which permits lower sampling of wavelengths. The
detector is positioned in a cryostatic chamber at 60 K to reduce background
noise of the ambient heat.
The performance of the AGPMs is measured in terms of null depth or rejection ratio. This is measured by focusing the light 1 mm from the center of
the AGPM and then the intensity is integrated over the half width full maxi46

mum. In the next step the same procedure is performed, however, the light is
focused on the center (singularity) of the AGPM. The rejection ratio is calculated by dividing these values (off-center/center). The null depth is simply
defined as 1/R. Performance measurement for three different AGPMs, fabricated within this thesis, is shown in Figure 31.

Figure 31. Measured Null depth diagram and detector images. Radial profile of the
beam placed 1 mm off-center, and centered on three different AGPMs, showing low
(AGPM-L9), medium (AGPM-L13) and high (AGPM-L15) performance. The vertical dashed line shows limit for HWFM.

At the University of Liège the Vortex Optical Demonstrator for Coronagraphic Applications (VODCA) was developed to have a dedicated optical
test bench for SGVC performance evaluation. It consists of a supercontinuum laser source, which then is divided into waveband regions with the help
of filters. The filters used are both broad and narrow bands for bandwidth
coverage, one broad to cover most of the intended region and three narrow
bands to obtain more data to fit the profiling performance curve calculated
with RCWA. The bench is further improved by having a deformable mirror,
as statically optical aberrations limits the coronagraphic performance.
The SGVCs fabricated in this thesis were analysed at both sites and the
YACADIRE test bench was used for measurements of AGPMs in the K- and
L-band, while the VODCA test bench was used for measurements in the Hand L-band. For improved interpretation of the AGPM performance, the null
depth (N) has been converted into rejection ratio (1/N), see Table 4 for the
measured rejection ratios of all SGVCs fabricated within this thesis.
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Table 4. Rejection ratio for fabricated coronagraphic components, rejection ratio is
for corresponding intended wavelength region.
AGPM

Average rejection ratio

Action

AGPM-L5
AGPM-L6
AGPM-L7
AGPM-L8
AGPM-L9
AGPM-L10
AGPM-L11
AGPM-L12
AGPM-L13
AGPM-L14
AGPM-L15
SGVC2-L1
AGPM-K1
AGPM-H1
SGVC4-S08
SGVC4-S32A
SGVC4-S32B

600
150
550
50
20
20
70
70
110
370
630
5
12
30
100
60
600

Reference sample
Installed at KECK/NIRC2
Installed at KECK/NIRC2
Mechanical testing
Re-etching deeper
Test for deeper/shallower
Re-etching shallower
Re-etching shallower
Re-etching shallower
Installed at LBTI/ LMIRCam
Testing pending
Testing pending
Re-etching shallower
Re-etching deeper
Proof of principle
Proof of principle
Proof of principle

The SGVC4s were evaluated on VODCA and reached similar rejection ratios as the SGVC2 counterparts. The SGVC4-S08 (eight segmented variant)
had about 100 and the SGVC4-S32 (32 segmented variant) reached about
600 in rejection ratio.
From the rejection ratio values some components were chosen to be installed at telescopes. Others, with low rejection ratios, were chosen to be
tuned using the re-etching method developed within this thesis (see section
Microfabrication). By using the rejection ratio values measured at different
wavelength bands together with measured grating parameters obtained from
cracking a twin sample, one can decide if the SGVC will perform better if it
will be etched deeper or shallower, by comparing the results to the calculated
RCWA performance map. In the case of AGPM-L9, which was too shallow,
two iterations were made with optical evaluations in between, see Figure 32.
AGPM-L9r and AGPM-L9r2 were etched 400 nm and 380 nm deeper than
the original AGPM-L9.
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Figure 32. Comparison between the rejection ratio of the L-band and M-band from
measurements and the RCWA model. Measured rejection ratio with five different
filters for AGPM-L9 and after re-etching (left). Possible parameter solutions
(marked with crosses) for etch iteration, overlaid on predicted coronagraphic performance from RCWA simulations (white lines) for a sidewall angle of 2.45 ° and
wavelength region between 3.5-4.1 µm (right).

Several of the AGPMs were tuned after evaluating the performance in the
coronagraphic test benches. See Table 5 for improvement after tuning the
AGPMs.
Table 5. Rejection ratios in the broadband L filter for the tuned AGPMs.
AGPM

Tuning process

R before tuning

Δdepth [µm]

R after tuning

AGPM-L9r
AGPM-L9r2
AGPM-L11r
AGPM-L12r
AGPM-L13r
AGPM-K1r

Al deposition
Al deposition
Resist filling
Resist filling
Resist filling
Resist filling

20
104
70
70
110
12

+0.40
+0.38
-0.32
-0.42
-0.29
+0.40

104
400
910
465
190
441

Birefringent parameter measurements
Further optical evaluation of the SGVCs was performed to determine the
phase shift and the ratio of the transverse electric to transverse magnetic
transmission efficiencies. The phase shift and transmission efficiencies were
measured using POLarization OPTical (POLOPT) test bench at Ångström
Laboratory at Uppsala University. With a QCL and rotating polarizer it is
possible to obtain the phase shift and transmission efficiency ratio after collecting images for when the light passes the polarizers at crossed and parallel
configurations, see Figure 33. The QCL had four laser chips which allowed
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for high intensity measurements at high sampling rates and a few nanometers
in width.

Figure 33. Schematic of the polarization bench, showing the IR source (QCL), the
first polarizer (P0) and the quarter wave plate (λ/4) which induces circular polarization, the second polarizer (P1) which determines the incoming polarization, the
sample (S) being a SGVC, the third polarizer (P2) which is either parallel or perpendicular to the second polarizer (P1) and the detector (D).

Using POLOPT it was also possible to measure the fast axis orientation,
which was shown to rotate about 0-360 ° around the singularity for the
SGVC2 and 0-720 ° for the SGVC4s. The 8 segmented variant is clearly
divided into 8 segments in the local fast axis representation, see Figure 34.
The 32 segmented variant could not be resolved in steps as the pixel sizes of
the camera were too large.

Figure 34. Local fast axis orientation for a SGVC2 (left), for a SGVC4-S08 (middle)
and for a SGVC4-S32 (right).

By comparing the phase shift and transmission efficiencies ratio calculated
using RCWA and the values acquired using POLOPT, several solutions for
the grating parameters were revealed. By optimizing this method it will be a
good complement to the coronagraphic test benches for evaluating the rejection ratio of SGVCs.

Waveguide absorption measurements
A QCL emits a collimated beam characterized by a narrow wavelength domain. The beam is focused by a lens into the front face of the waveguide.
Inside the waveguide, the beam will be reflected several times and its evanescent field will interact with the analyte at the top surface. After the waveguide, the beam will be transmitted through two lenses to be focused on an
infrared detector, see Figure 35 for an overview schematic.
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Figure 35. Simplified schematic of a general wave-guiding test bench for absorption
spectroscopy.

The simplest of the tests conducted was with acetone (CH3COCH3) to detect
the C=O bond. It was done using a FHWG and the reference spectrum was
recorded in air and then compared to the spectrum with an acetone droplet
on top, see Figure 36.

Figure 36. Intensity curve for acetone (top) and the absorption spectra (bottom).

The slab waveguides were also analysed. When trying to couple the light
through them the detector signal was low but by polishing the in- and out51

coupling area with FIB the signal increased – but not as much as expected.
In the next step the slab waveguide was etched from the backside; an
8x8 mm opening was etched into the Si down to the SiO2/diamond layer (the
size of the slab waveguide was 10x10 mm). No significant improvement was
observed, so in the final step the SiO2 was also removed. After this, the signal was greatly improved which indicates that there might be issues with
absorption in the SiO2 cladding layer. See Figure 37 for a graphical representation.

Figure 37. Diamond slab waveguide and its evolution towards becoming a better
waveguide.

A proof of principle experiment was done in which a commercially available
ATR crystal in polycrystalline diamond was illuminated with the QCL at
Ångström Laboratory, Uppsala University. The experiment tested if glucose
could be measured in saliva, and reach the detection limit (0.02 mg/mL or
0.12 mmol/L) for diabetic monitoring. The experiment was done in parallel
with standard commercial blood sugar measuring equipment. The test subject (a voluntary Ph. D student) did one hour of baseline testing before orally
injecting 500 ml of a highly sugar-rich solution (Coca Cola). Glucose measurements were obtained every ten minutes and it can be seen that the glucose
level increase significantly for both methods, see Figure 38.
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Figure 38. Glucose detection measurements using blood glucose testing equipment
(blue line) and saliva on diamond ATR crystal illuminated with a QCL (red line).
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Astronomical findings

“The cosmos is within us. We are made of star-stuff.
We are a way for the universe to know itself.”
- Carl Sagan

AGPMs have been installed at all of the current largest optical telescopes in
the world (VLT, KECK and LBTI). The telescopes cover both the northern
and southern hemispheres with abilities to observe faint companions at low
separation angles (small distance between the host star and planets).
First verification of an exoplanet using coronagraphic elements fabricated
within this thesis was done in 2017 at KECK II with the NIRC2 camera. In
Figure 39, a hot Jupiter-like planet is seen orbiting its star, HIP 79124 A.
The system is located 123 parsec or 401 lightyears from Earth. The separation angle is measured in arc seconds (1/3600 of a degree) and depends on
the distance to Earth. 0.2 arc seconds here translates to 23 astronomical units
(AU), 23 times the distance between the sun and Earth, which leaves the
exoplanet in an orbit similar to Uranus.

Figure 39. A direct image of HIP 79124 b, a hot Jupiter-like planet, X marks the
spot for the exoplanet.
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Moreover, an image of the third innermost debris ring of the system
HD 141569 was taken with the NIRC2 camera at KECK II using an L-band
coronagraph, see Figure 40. The two outer dust rings had previously been
imaged, but not as close as it was done using the AGPM in the L-band. With
the observation, chemical composition analysis was extracted and it showed
that the circumstellar gas was undergoing a transition between protoplanetary disk to debris disk. No planets were found in the dust ring, but enough
mass exists for it to aggregate into a planet within the next million years.
Figure 40 shows the innermost area now detected with an AGPM, which is
not possible to image using other techniques.

Figure 40. A direct image of the star HD 141569 A. Overlays of previously seen
dust rings are included as ring 1 and 2. HST/STIS was the closest observation previously made, the VLT/SPHERE with its smaller IWA could see closer to the star.
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Conclusions and Outlook

“Failure is an option here.
If things are not failing you are not innovating”
- Elon Musk

The work in this thesis has been focused on advancing diamond etching to
more predictably produce micro-optical structures to be used as IR optical
components.
In Paper I a wide range of etch parameters in an inductively coupled
plasma etcher were tested. The outcome was to produce highly controlled,
high aspect ratio gratings in diamond. The effects of pressure, bias power,
and some gas mixture variation (pure oxygen and argon-oxygen) on the etch
results and how it impacts the etch mask sputtering and redeposition was
discussed. In addition, a method for renewing aluminium masks, in order to
etch even deeper optical grating was presented. Gratings with aspect ratios
as high as 1:13.5 have been achieved with a 1.42 μm grating period.
In Paper II high performing diamond coronagraphs, annular groove
phase masks (AGPMs) in the L-band were designed, manufactured (with
help of the findings in Paper I) and optically evaluated. The AGPM coronagraphic performance is very sensitive to small errors in etch depth and grating profile. Most of the fabricated components therefore show moderate
performance in terms of starlight rejection (a few 100:1 in the best cases).
Here we present new processes for re-etching the fabricated components in
order to optimize the parameters of the grating and hence significantly increase their coronagraphic performance. Starlight rejection up to 1000:1 is
demonstrated in a broadband L filter on the coronagraphic test bench.
In Paper III two designs of diamond quarter-wave plates, based on the
birefringence of sub-wavelength gratings, were manufactured and tested. In
one design the grating was etched on the surface of a 300 μm thick polycrystalline diamond substrate. The other consisted of a diamond grating hanging
freely in air, suspended at the edges from a silicon frame. The free-hanging
design, while more fragile, had several advantages both in terms of fabrication and performance such as a larger grating period, higher transmission,
and no need for an antireflective treatment of the backside.
With Paper IV it was demonstrated that the feature size of subwavelength gratings for coronagraphy could be reduced further to accommodate
the shorter bandpass of K- and H-band. It was also possible to re-etch the K57

band AGPM to obtain better performance, as in Paper II. It was observed
that the diamond microfabrication technique has to be further developed to
fabricate high performing H-band components (or even shorter wavelength
AGPMs). Moreover, the first demonstration of subwavelength grating vortex
phase masks of topological charge 4 (SGVC4) was realized. This coronagraph is less sensitive to low order aberrations. Two designs were proposed
and realized in diamond. They showed the same rejection ratio as previously
made SGVC2s e.g. AGPMs. Finally, the SGVC4s were evaluated in the
polarization measurement bench showing that the fast axis orientation is
twice as fast (4π instead of 2π).
In Paper V the phase-shift, transmission efficiency ratio and fast axis
orientation were determined for an L-band SGVC2 component at various
wavelengths between 5.5-7.7 µm using a tuneable quantum cascade laser
(QCL) on the polarization optical (POLOPT) test bench. The measured
phase-shift and transmission efficiency ratio which followed the expected
values calculated with rigorous coupled wave analysis (RCWA).
Papers VI and VII are astronomical findings entailing discoveries of
companions in extra-solar systems using direct imaging with coronagraphs
manufactured in Paper II. In Paper VI a hot Jupiter is verified using an Lband SGVC2. Previously, it had only been observed using interferometry.
This verification was a first step to demonstrate a new mode of discovery
which allows for a new small-angle, high-contrast observational capability
for the northern hemisphere (KECK). Continuing on the possible discoveries
with the new mode available at KECK, it is possible to study circumstellar
disk evolution. HD 141569 is a candidate system which can have planets and
in Paper VII this system was studied. New images show a third dust ring
close to its star which is in transition from protoplanetary disk to a debris
disk ring. From this data it was also possible to determine the chemical composition and particle size of the debris disk.
In the second and smaller part of this thesis, microfabrication of diamond
waveguides for IR spectroscopy was demonstrated. In Paper VIII diamond
waveguides, between 5 and 20 µm thick are manufactured. IR light, emitted
from a broadly tuneable QCL (5-11 µm) is coupled through the diamond
waveguides for attenuated total reflection (ATR) spectroscopy. The optical
setup of the biosensor is described and a first measurement was conducted
on acetone.
In Paper IX a diamond ATR crystal (instead of a diamond waveguide) is
placed in the biosensor setup described in Paper VIII. By dropping human
saliva on top of the diamond crystal before and after increasing the sugar
content, the glucose concentration could be measured within relevant medical levels.
In Paper X an attempt at optimizing the waveguide design was conducted: Different types of waveguides are discussed and finite-element-method
(FEM) based simulations that allowed three-dimensional (3D) modelling of
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the overall structure was implemented. In a final step, the designed structures
were fabricated and first successful operation in combination with a broadly
tuneable external cavity quantum cascade laser (EC-QCL) for chemical sensing of a liquid analyte is shown. Polishing of the in- and out-coupling facets
using focused ion beam (FIB) and opening slots/windows in the substrate
significantly increased the detected intensities.
Finally, the search for earth-like planets will continue outside the scope of
this thesis. The Breakthrough Initiative watch aims to image the planets
around the Centauri system, our closest neighbouring star system. Recently
it was discovered that Proxima Centauri holds companions within its habitable zone. This initiative wants to image the planet, determine its orbit and
characterize its atmosphere. This is in collaboration with the initiatives Listen and Starshot in which radio telescopes will listen for signals from the
direction of the Centauri system and to where a fleet of small satellites will
be launched. The other initiatives still require years of planning and execution, however for the direct imaging part, our work on realizing a diamond
coronagraph has already started!
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Sammanfattning på svenska (Summary in
Swedish)

”Clarity is often found in stillness”
- Christie Golden

Stjärnor, även de närmaste ligger så långt bort att vi bara ser dem som punkter i världens största teleskop. Kring vår stjärna, solen, snurrar ”åtta” planeter. Men finns det andra stjärnor där det cirkulerar planeter och som liknar
dem i vårt solsystem? Tidigare har det bara funnits metoder som indirekt kan
detektera planeter. Detta till exempel genom detektera intensitetsskillnaden
hos stjärnljuset när ett objekt passerar framför stjärnan. Den första extrasolära planeten upptäcktes med hjälp av indirekta metoder 1995. Under de
senaste 10-15 åren har även metoder för direkt avbildning tagits fram. Vid
direkt avbildning fotograferas hela systemet (detekterar fotonerna); stjärna,
planeter och asteroidbälten. Ljuset från stjärnan är normalt uppåt en miljard
gånger starkare än de andra objekten och måste därmed tonas ner för att
planeterna ska kunna avbildas. Detta görs lättast med opaka filmer som har
placerats på stjärnans position. Eftersom stjärnan endast är en punkt i teleskopet så är det svårt att framställa ett område som bara täcker stjärnan
utan dess närmaste omnejd blockeras också. Det gör det omöjligt att se planeter väldigt nära sin stjärna. I den här avhandlingen har en optisk komponent, en koronagraf, som är transparent och har en singularitet som släcker/tonar ner ljuset som färdas genom centrum av komponenten tillverkats.
Denna koronagrafiska komponent består av ett så kallat subvåglängdsgitter
och är tillverkad i syntetisk diamant med hjälp av mikrostrukturtekniker. Ett
subvåglängdsgitter har en gitterperiod som är kortare än ljusets våglängd
dividerat med brytningsindex för materialet som den optiska komponenten
består av. Anledningen att diamant har valts som material är för att det är ett
av väldigt få material som är transparent i det infraröda området. Flera subvåglängdsgitter för olika våglängdsområden inom det infraröda spektrat har
tillverkats med en precision på mindre än en tiotusendels millimeter. Diamant är ett väldigt hårt material och kemisk inert vilket gör traditionell bearbetning svår. Diamant kan däremot mikrostruktureras med hjälp av plasmaetsning. I den här avhandlingen har den processen vidareutvecklats för att
framställa diamantkoronagrafer. Detta har gjorts med elektronskrivna mönster i en polymer film som sedan har replikerats i mjuka stämplar bestående
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av silikon. Silikonstämpeln placeras på en polymerfilm som har spunnits på
diamanten och med hjälp av etanolånga fyller polymerfilmen upp mönstret i
silikonstämpeln. Under polymerfilmen finns en tre-lagersfilm av aluminium
och kisel som har deponerats med sputtring. Med hjälp av plasmaetsning
förs polymermönstret ner i de tre lagren, som sedan fungerar som etsmask i
det efterföljande diamantetsningssteget. Diamanten plasmaetsas med hjälp
av syrgas. Genom att modifiera plasmat i kammaren så var det möjligt att
styra etsprofilen och etshastigheterna. Extra diamanter fick köras parallellt
eftersom enda sättet att bedöma gitterparametrar och etshastigheter var att
knäcka diamanten och avbilda tvärsnittet med svepelektronmikroskop. De
tillverkade koronagraferna skickades till Belgien och Frankrike för optisk
utvärdering i så kallade koronagrafiska testbänkar. De tillverkade diamantkoronagraferna visade sig ha lägre prestanda än förväntat. Optiska beräkningar visade att ett mycket litet fel i etsdjup gör att koronagrafen inte släcker ut stjärnljuset på ett tillfredställande sätt. Eftersom vi inte har en så bra
kontroll på det exakta etsdjupet innebär det att vi oftast får en komponent
som inte fungerar som det är tänkt. Två metoder för att antingen göra ett
gitter djupare eller grundare togs därför fram – detta för att kunna ”rädda”
alla koronagrafer som hade tillverkats. Ena metoden gick ut på att fylla upp
gittret med en polymer som etsades ungefär lika snabbt som diamanten.
Detta gjorde att toppen på gittret sakta bearbetades och att strukturen på så
vis blev grundare. Den enda nackdelen med metoden var att toppen blev lite
facetterad, men för små djupändringar förblev utsläckningen bättre. Den
andra metoden gick ut på att lägga en ny aluminiumfilm på diamantkoronagrafen. På grund av skuggeffekter så hamnar mindre av det sputtrade
material i botten på gittret än på toppen av gittret. Genom en snabb aluminiumetsning kunde filmen öppnas upp i botten av gittret medan toppen förblev
skyddad. Efter det etsades diamanten och gittret blev inte bara djupare utan
sidväggen blev även mer vertikal. Det visade sig att det gick att iterera den
här processen, vilket ledde till att det gick att framställa väldigt djupa gitter.
De första koronagraferna som tillverkades inom det här forskningsarbetet var
för L-bandet, 3.5-4.1 µm. Med hjälp av processutveckling kunde koronagrafer för kortare våglängdsområden, H- och K-band (1.44-1.77 µm och 1.952.35 µm), framställas. K-bandet fick etsas grundare för att uppnå bra prestanda. Däremot lyckades inte ometsningen för H-bandet, detta på grund av
att gitterstrukturen är för liten och aluminiumfilmen kan därför inte tränga
ner i gittret. Även koronagrafer med ”higher topological charge” tillverkades. Dessa komponenter är mindre känsliga för vissa typer av linjeringsfel i
teleskopen.
De tillverkade L-bands koronagraferna har installerats på tre av de största
landbaserade optiska teleskopen, Very Large Telescope (Chile), The Large
Binocular Telescope (Arizona, USA) och KECK-observatory (Hawaii,
USA). Koronagraferna installerade på KECK har redan lett till två upptäckter. Först bekräftade den en exoplanet av Jupiter-storlek och senare hittade
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den ytterliga en ring av partiklar kring en stjärna. Tidigare hade det inte varit
möjligt att upplösa något så nära stjärnan, men nu kunde det observeras en
cirkumstellär skiva av tät gas som höll på att övergå till en skiva rymdstoft.
Här finns det möjlighet att en planet kommer att börja bildas om ett par miljoner år, men det viktiga är att man kan avbilda planetsystem och få stöd till
solsystemsmodeller och dess evolution.
I den andra, mindre delen av den här avhandlingen, har diamantvågledare
mikrofabricerats. Genom att koppla infrarött ljus från en ny typ av avstämbar
kvantkaskadlaser genom dessa diamantvågledare kan känslig kemisk analys
göras med hjälp av infraröd spektroskopi. Olika typer av diamantvågledare
har designats och tillverkats för att nå optimal prestanda. Diamantvågledarna
har använts för att detektera låga koncentrationer av aceton. Även initiala
försök med att detektera glukoshalten i saliv har genomförts.
Sammanfattningsvis så har mikrostruktureringstekniker för diamant utvecklats och optimerats för att tillverka optiska komponenter för tillämpningar inom astronomi och infraröd spektroskopi.
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