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Abstract
A breakthrough in nonlinear fiber-optics and fiber based supercontinuum lasers has
recently led to the development of a new breed of mid-infrared supercontinuum light
sources. Unfortunately, the intensity of these light sources are severely dampened
by Fresnel reflection loss due to the relatively high refractive index of the fiber-optic
material, known as chalcogenide glass.

This thesis concerns itself with the development of a direct thermal nanoimprint-
ing technique, aimed at patterning the surface of chalcogenide glass based optical
components with broadband antireflective surface nanostructures, known as moth-
eye structures, in the pursuit of reducing Fresnel reflection loss. The objectives of the
thesis is to design and fabricate highly efficient moth-eye structures with antireflective
properties in the mid-infrared spectral bands: 3.5–4.5µm, 6–8µm and 3–8µm.

First, an analytical model for calculating the transmittance of a blank chalco-
genide glass window is established and subsequently used to calculate a maximum
transmittance improvement of ∼14% and ∼22% for the first and second imprint on an
As2Se3 window. The diffraction grating behavior of imprinted surface textures is also
analysed as the grating equation is used to derive the zero-order grating condition,
defining the upper limit for the period of the antireflective patterns. Then, using
a simulation-based approach, we conduct a study of the design and optimization of
different antireflective moth-eye structures, where a parabolic shaped moth-eye struc-
ture is suggested to be the most promising moth-eye design. With pattern periods
and structure heights between p = 0.5–1.675µm and h = 0.5–1.675 µm, the parabolic
shaped moth-eye structure is predicted to produce excellent antireflection in the 3.5–
4.5µm band. A similar region is also identified for the 6–8µm band.

By conventional deep-UV lithography and subsequent dry-etching process, a sil-
icon master is fabricated containing hexagonal patterns of densely packed moth-eye
structures, each pattern with a different sized period and height. Once inverted to a
nickel mold and used to directly pattern the surface of As2Se3 windows, broadband
antireflective properties are observed, with peak transmittance improvements between
12.2% and 13.28%. The method therefore demonstrates a fast and cost-effective way
of transferring tailor-made antireflective patterns onto chalcogenide glass based com-
ponents.
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Utilizing the lithography post processing step thermal reflow during mold fabrica-
tion, a second iteration of moth-eye structures are fabricated with secant ogive-like
profiles and higher packing densities. Once imprinted on the surfaces of As2Se3 win-
dows, the surfaces demonstrate vastly improved antireflective properties, achieving
an average transmittance improvement of 12.36% from 3.3–12% µm.

Applying the same method to imprint chalcogenide glass fiber end-facets, we see
a 30% improvement in the transmitted power of a mid-infrared supercontinuum light
source with a spectrum from 2.1–4.2 µm. Analysing the beam profile output by an im-
printed photonic crystal fiber, there is no evidence that the imprint prevents coupling
to the fiber core nor that it changes the shape of the beam profile, demonstrating that
this nanoimprinting technique can also be used to deliver antireflective properties to
fibers.



Dansk Resumé
Et gennembrug i ulineære lysledere og fiber baseret superkontinuum lasere har for
nyligt ledt til udviklingen af en ny art af mid-infrarøde superkontinuum lyskilder.
Intensiteten af disse lyskilder er dog svært dæmpede af Fresnel reflektionstab, grundet
det relativt høje brydningsindeks i det optiske materiale, som fiberne er baseret på
kaldet chalcogenid glas.

Denne afhandling omhandler udviklingen af en termisk nanoimprintningsmetode
til direkte at præge overfalden på optiske komponenter baseret på chalcogenid glass
med en bredbåndet antireflectiv overflade struktur, også kaldet møløje-struktur, med
henblik på at reducere reflektionstabet. Målet for afhandlingen er, at designe og
fabrikere yderst effektive møløje-strukturer med antireflektive egenskaber i de tre
mid-infrarøde bøljelængdeområder: 3.5–4.5µm, 6–8µm and 3–8µm.

Først udvikles en analytisk model til at beregne transmittansen af blanke chalco-
genid glas vinduer, som derefter bruges til at bestemme den maksimale transmittans-
forbedredning ved struktureringen af den første og anden overflade på et As2Se3 vin-
due. Diffraktionen af de strukturerede overflader er også analyseret idet gitterlignin-
gen bruges til at udlede 0. ordens betingelsen, hvilket definerer en øvre grænse for
perioden af de antireflektive mønstre. Ved brugen af simuleringer, udføres der herefter
et studie af design og optimering af antireflektive møløje-strukturer, hvor en parabolsk
møløje-struktur foreslås som værende det mest lovende design, da det forventes af en
parabolsk møløje-struktur med mønster perioder og strukturhøjder mellem p = 0.5–
1.675µm og h = 0.5–1.675 µm er i stand til at producere fremragende antireflektion
i bøljelængdeområdet 3.5–4.5µm. Et lignende område identificeres også for 6–8µm
bøljelængdeområdet.

Ved benyttelse af en konventionel dyb-UV photolitografi, efterfulgt af en tør-
ætseproces, fremstilles en silicium master af sekskantede mønstre bestående af tæt-
pakkede møløje-strukturer, hvert mønster med forskellig period og højde. Efter over-
førsel til en nikkel baseret støbeform, anvendes den til at præge overfladen på As2Se3
vinduer, hvorpå bredbåndede antireflektive egenskaber observeres med en maksimal
transmittansforbedring mellem 12.2% og 13.28%. Metoden demonstrerer derved en
hurtig og omkostningeffektiv måde at overfører skræddersyede antireflektive strukture
til chalcogenid glas baserede komponenter.
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Ved anvendelse af et litografisk efterbehandlingstrin kaldet termisk reflow under
fabrikationen af støbeformen, fremstilles en 2. generation mere tætpakkede møløje-
strukturer bestående af sekante ogive-lignende profiler. Ved prægning af As2Se3
baserede vinduesoverflader, demonstrerer der langt forbedrede antireflektive egensk-
aber med en gennemsnitlig transmittansforbedring på 12.36% fra 3.3–12%µm.

Ved brug af den samme metode til prægning af chalcogenid glass fiber ende-
facetter, ses en 30% forbedring på den samlede transmitterede effekt af en mid-
infrarød superkontinuum-lyskilde med et spektrum fra 2.1–4.2 µm. Ved analyse af
stråleprofiludgangen på prægede fotoniske krystalfibre ses der derudover ingen tegn
på at prægningen forhindrer kopling til fiberkernen, eller at det ændre stråleprofilens
form, hvilket antyder, at denne nanoimprintningsmetode også kan anvendes til at
overførsel af antireflektive strukture til fibre.



Preface
This PhD thesis was prepared in partial fulfilment of the requirements for acquiring a
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Engineering (DTU Fotonik). The PhD project is part of a larger strategic research
project titled ShapeOCT, funded by Innovation Fund Denmark (IFD)(4107-00011A),
as a collaboration between the Technical University of Denmark, Bispebjerg Hospital
and the company NKT Photonics, as well as several strong international partners,
such as Harvard Medical School. The aim of the project is to develop spectrally
shaped supercontinuum sources for high-resolution Optical Coherence Tomography
and ultra-fast spectroscopic systems.

Technical University of Denmark, April 9, 2019
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CHAPTER 1
Introduction

Infrared (IR) radiation is the term given to the band of electromagnetic waves that
exist between visible light and microwaves in the electromagnetic spectrum. It was
first discovered in the year 1800 by the German astronomer Sir Frederick William
Herschel, as he was studying the heating power of different colors of light [1]. In
the experiment, shown in Figure 1.1, Herschel used a glass prism to refract a beam
of sunlight to create a color spectrum, and he subsequently used a thermometer to
measure the temperature of each individual color. He initially observed a temperature
increase as the thermometer moved from the violet to the red colors of the spectrum.
However, to his great surprise, the temperature continued to increase even as the
thermometer passed beyond the red portion of the light into a seemingly invisible
part of the sun’s spectrum. These invisible rays were initially coined calorific rays,
but they were later renamed infra-red rays, meaning below-red in Latin.

Figure 1.1: The illustration given in Herschels paper [1] of the prism and thermometer setup
used to measure the heating power of different colored rays in the sun’s spectrum,
leading to the discovery of infrared radiation.



2 1 Introduction

1.1 Applications of IR light

Infrared Spectroscopy

Visible Infrared Microwave
Near- Mid- Far-

(0.74-1.4 µm) (1.4-15 µm) (15-1000 µm)
(380-740 nm)

S
W

IR MWIR
(3-8 µm)

LWIR
(8-15 µm)

(1 - 1000 mm)

Figure 1.2: Illustration of the sub-division scheme for the infrared band within the electromag-
netic spectrum along with the sub-division scheme for the mid-infrared region.

At temperatures below 3000K, hot objects primarily emit thermal radiation in
the infrared, which is why infrared radiation is typically associated with heat. The
infrared region is of tremendous scientific and technological interest especially in the
field of infrared spectroscopy, which is the study of the interactions between infrared
light and matter. Here, infrared spectroscopy offers valuable insight into the world of
the molecular, as it is able to exploit how molecules absorb infrared radiation at very
distinct frequencies to perform sensitive chemical analyses in order to determine the
chemical composition of samples.

Spanning the wavelengths from 740nm to 1000µm, the infrared band is commonly
divided into 3 major spectral regions: the near-, mid- and far-infrared, as shown in
the sub-division scheme in Figure 1.2. This division is due to the widely different
optical characteristics featured in each individual region:

The near-infrared (NIR) spectral region extends from 0.74–1.4µm and thus sits
closest to the visible spectrum. NIR light behaves similarly to visible light in
that it is relatively capable of propagating through tissue. When combined with
the ability to excite molecular overtones, NIR spectroscopy becomes an efficient
tool for probing and analysing biological samples typically used in medical and
physiological diagnostics and research [2, 3].

The mid-infrared (mid-IR) spectral region extends from 1.4–15µm and covers a
section of the infrared band where practically all molecules exhibit strong light
absorption as fundamental vibrational and rotational states are excited. Many
essential air pollutants and greenhouse gasses such as carbon-monoxide, carbon-
dioxide, sulphur-dioxide, nitrogen-oxide, methane and ozone all exhibit strong
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(a) (b)

Figure 1.3: (a) Diagram of the absorption strength of various greenhouse gasses and other im-
portant molecules within the mid-IR molecular fingerprint region. Source: [4]. (b) A
photograph (right half) and a thermogram (left half) of the underside of the NASA
Space Shuttle Columbia during re-entry, revealing the temperature profile of the
thermal protection system. Source: [5].

absorption in the mid-IR band, as illustrated in the diagram shown in Fig-
ure 1.3(a). Since each molecule exhibits its own distinct absorption signature,
similar to a fingerprint, mean mid-IR spectroscopy can be used to detect, iden-
tify and even quantify information about the molecules in the sample. This
region is therefore often referred to as the molecular fingerprint region.

The mid-IR region has three sub-bands: the short-wave (SWIR), mid-wave(MWIR)
and long-wave infrared (LWIR), which are also highlighted in Figure 1.2. Ob-
jects with a temperature between 362–966K (89–693 ◦C) and 193–362K (−80 ◦C
to 89 ◦C) primarily emit thermal radiation in the 3–8µm and 8–15µm spec-
tral bands, respectively. For this reason, infrared imaging technology is based
around sensing light within these two spectral regions producing thermograms
similar to the example shown in Figure 1.3(b).

The far-infrared (FIR) spectral region extends from 15–1000µm and carries the
lowest photon energies within the infrared band. At this range of energies,
only rotational states of molecules in the gas phase are exited. Thus, FIR
spectroscopy primarily sees use in astronomy, where it is used to study cold
astronomical objects such as interstellar gas clouds, since these emit detectable
levels of radiation in the FIR [6].
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Optical Coherence Tomography

Figure 1.4: OCT images of a regular credit card generated by a state-of-the-art mid-infrared (0.9–
4.7−µm) OCT system. The system is able to reveal many of the internal components
embedded within the card. Source: [7].

Another useful application of infrared radiation is optical coherence tomography
(OCT), which is a diagnostics technique used for noninvasive/nondestructive, cross-
sectional imaging [8]. The method works by directing a beam of infrared light onto
a sample and capturing the light which is reflected/scattered back by features from
within the sample. By applying interferometry, the optical path length can be de-
termined and subsequently used to create a detailed cross-sectional image of the
scanned area, like the images shown in Figure 1.4, where a regular credit card was
scanned, revealing many of the internal components inside the card. Since the eye is
essentially transparent to near-infrared radiation, this technique is commonly used in
ophthalmology, a field of medicine working with the diagnosis and treatment of eye
disorders, to generate detailed images of the retina and the anterior cavity (cornea,
iris and lens). The technique has also found use in dermatology, a field of medicine
working with diseases related to skin, nails and hair, where it can be used to generate
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detailed cross-sectional images of the epidermis and dermis and has the potential to
be used as a non-invasive tool for skin cancer diagnostics [9, 10]. However, as more
and more applications for OCT are discovered, the demand for better OCT systems
rises as well. Therefore, in recent years, there has been rapid development in ultra
broadband, coherent infrared light sources, as this enables the possibility for devel-
oping ultrahigh-resolution optical coherence tomography (UHR-OCT) systems with
higher axial- and lateral optical resolution.

1.2 The ShapeOCT Project

Figure 1.5: Illustration of the supercontinuum generation attainable by propagation of a fem-
tosecond optical pulse through a nonlinear optical fiber. The supercontinuum radia-
tion generated by such an optical system has the potential to cover most of the mid-
IR molecular fingerprint region (3–12µm). Individual molecular bond fingerprint
wavelengths have been visualized for clarity. Source: [11] (The official ShapeOCT
website).

The work presented in this thesis is part of a larger strategic research project titled
ShapeOCT, which is funded by Innovation Fund Denmark with the aim of developing
a new generation of spectrally shaped mid-IR SC light sources for use in UHR-OCT
systems as well as ultra-fast spectroscopy systems for cancer detection, pollution, and
food and soil quality monitoring.

The technology behind the project is based on a recent breakthrough in nonlinear
fiber-optics and fiber based supercontinuum (SC) lasers, which has paved the way
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for a new breed of broadband mid-IR SC light sources [12, 13]. The technology
relies on the so-called phenomena of cascaded supercontinuum generation caused by a
complex set of light-matter interactions happening inside a nonlinear fiber to produce
significant spectral broadening of a high power femtosecond pulsed laser. The result,
shown in Figure 1.5, is a spatially coherent fiber-based mid-IR SC light source that is
both cheaper and more flexible than similar mid-IR light sources such as synchrotron
radiation produced by particle accelerators or free-electron lasers, both of which are
huge, expensive and complicated systems in comparison.

The Fresnel Reflection Problem

The nonlinear fiber used in the mid-IR SC light source is made from chalcogenide glass
(ChG) type materials, specifically As-Se and Ge-As-Se, which belong to a group of
soft glasses with exceptionally low optical loss and wide transparency windows to mid-
IR radiation. However, they also possess relatively high refractive indices, varying
between 2.4–2.9 depending on the glass composition. This unfortunately leads to
significant Fresnel reflection losses at the air-glass and glass-air interfaces, which can
reach upwards of about 40% in combined magnitude. Fresnel loss therefore constitutes
a substantial portion of the overall losses encountered in the fiber-optic system and
in any system in general, which employs high-index optical materials. In the case of
the fiber-based mid-IR SC light source, this loss results in a reduction in the power
spectral density output by almost a factor of two.

1.3 Antireflective Surface Treatments

Thin-films

The most popular method for dealing with Fresnel reflection is treating the optical
surface with a dielectric thin-film coating, which is effectively able to suppress the
Fresnel reflections by exploiting a phenomenon called thin-film interference. The
fundamental design principle behind the method, known as the quarter-wavelength-
optical-thickness principle (illustrated in Figure 1.6(a)), is based on controlling the
thickness of the thin-film in order for the light reflected on the upper and lower
coating surfaces to be phase shifted 180◦ resulting in destructive interference. The
interference inhibits the reflection of that particular wavelength. The method is
highly effective at reducing reflection and can be modified to any given wavelength
simply by adapting the thin-film thickness. However, while commercial antireflective
thin-films have already been developed for visible and near-IR radiation, very few
solutions currently exist for broadband applications in the mid-IR spectral region.
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(a)

100 µm

(b)

Figure 1.6: (a) Sketch of the quarter-wavelength-optical-thickness design utilized by modern
thin-films to achieve destructive interference of the reflected light. Adapted from
[14]. (b) Optical microscope image of a traditional antireflective thin-film coating
after sustaining damage from a high power laser beam. Adapted from [15].

This is because conventional coating materials transparent in the visible and near-IR
are typically opaque in the mid-IR region, rendering them useless as antireflective
coating materials. Another obstacle is that the coating processes and materials are
typically not compatible with the thermomechanical properties of ChG resulting in
the built up of internal stress between the coating and substrate, which can lead to
flaking and delamination. The antireflective properties produced by interference thin-
films can also be difficult to tailor to broadband applications without having to resort
to more complex solutions [16]. However, the most detrimental feature of thin-films
is the substantial reduction of the power handling capability of the coated component
known as the laser induced damage threshold (LIDT). This is an important parameter
in the fiber-optic system, as it defines an upper limit on the peak power of the laser
pulse that can be coupled into the fiber, before it starts damaging the surface.

Moth-eye Structures

First discovered in nature on the eyes of nocturnal moths and on the transparent wing
sections on butterflies and dragonflies (as shown in Figure 1.7), moth-eye structures
are well-known for their broadband omnidirectional antireflective properties [18, 19].
The so-called ’moth-eye effect’ is a result of a graded index matching layer, which
forms between the air and substrate as a result of the moth-eye structures being
smaller than the incident wavelength of light. The antireflective properties produced,
can be modified simply by altering its period, height and profile, and therefore offers
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Figure 1.7: Photograph of the Aeshna cyanea dragonfly resting on a water lily and a zoomed
SEM image of the structures found on the surface of the dragonfly wing. SEM image
source: [17].

a great deal of customizability. Furthermore, there are no issues with the thermome-
chanical compatibility with ChG, since the structures can be designed to be composed
of the same material as the substrate and has even been shown to improve the LIDT
beyond its original limits (shown in Figure 1.8(b)), a feature that our fiber-optic
system stands to benefit greatly from [20, 15, 21].

There are currently two ways of transferring antireflective moth-eye nanostruc-
tures onto a ChG surface. The first method is by etching, as a pattern of photoresist
is used together with a dry-etching process, such as ion beam milling or reactive-ion
etching (RIE), to transfer a pattern to the ChG substrate [22, 23, 20, 24]. This pattern
transfer method is popular, as it offers a great deal of flexibility in terms of what opti-
cal materials can be processed as well as how tall the fabricated nanostructures can be.
The method therefore also holds the record for the widest antireflective bandwidth
and efficiency produced by a textured surface (shown in Figure 1.8(a)) achieving ap-
proximately 1% average reflectance from 7–12µm in bulk ChG [20]. However, a major
drawback from using RIE is the need for an etch mask to be applied directly onto the
surface of every workpiece in order to transfer the surface nanostructure. The second
method is by replicative techniques such as direct thermal nanoimprinting, also known
as hot embossing/stamping. Instead of transferring a surface pattern by lithography,
nanoimprinting relies on a mold to replicate the surface nanostructure directly on the
surface [25, 26, 27, 28, 29, 30]. The method works by heating the glass material above
its glass transition temperature and subsequently pressing the mold into the material,
which when cooled and separated leaves a mirrored nanoimprint on the glass surface.
Since most of the work involved with nanoimprinting lies in the design and fabrication
of the molding tool, which can be reused multiple times, it is a cost-effective way of
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(a)

(b)

Figure 1.8: (a) SEM images of state-of-the-art moth-eye structures dry-etched into the surface
of bulk ChG (As2Se3, AMTIR-2). Source: [20]. (b) Plot of the damage frequency
of untreated and surface structured AMTIR-2, as function of flouence. Source: [20].

fabricating nanostructures due to economies of scale. Another potential advantage of
thermal nanoimprinting is its compatibility with precision glass molding, which has
recently been developed to manufacture cheaper ChG-based lenses [31]. But perhaps
the most important aspect to consider is that only nanoimprinting offers a simple and
straightforward way of fabricating surface nanostructures on a fiber end-facet [26, 28,
32].

Since the early 2000s, the Naval Research Laboratories (NRL) has been one of the
major players in the scientific community working towards structuring infrared trans-
parent materials in an effort to development better optical components for use in high
power laser systems and fiber-optic common infrared counter measure systems. The
state-of-the-art for nanoimprinting on bulk ChG has therefore mostly been carried
out by studies conducted at NRL. The state-of-the-art results, however, vary greatly
depending on the ChG composition, as some compositions such as arsenic-trisulfide
(As2S3) have proven to be more readily moldable at lower temperatures and pressures
yielding more uniform and smooth structures with better antireflective properties as a
result [27]. Hot embossing arsenic-triselenide (As2Se3) on the other hand has proven
to be more difficult to process by hot embossing, as issues such as fracturing and non-
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uniformity have been reported by NRL [27]. A study by NRL into the hot embossing
of bulk As2S3 with antireflective textures has showed a reduction in Fresnel reflection
to less than 2.5% average reflection loss from 2–5µm and less than 1% reflection loss
at 2.1µm. Likewise, results from hot embossing on As2S3 fiber end-facets showed
a 94.3% ± 1.6% transmission at 3.39µm and a maximum transmission of 97.5% at
2.6µm. Since hot embossing of As2Se3 glass materials has proven to be difficult,
very limited results have been reported by hot embossing As2Se3, with the best be-
ing a reduction in Fresnel reflection to less than 6% (72% measured transmission) at
∼2.75 µm on bulk As2Se3.

1.4 Scope and Outline

This PhD thesis concerns itself with the development of a new method for nanoim-
printing antireflective surface nanostructures on ChG-based components. The aim
is to be able to design and fabricate these nanostructures in such a way that the
antireflective properties they produce facilitate a transmission improvement in the
mid-infrared spectral region. We focus our attention on reducing optical losses result-
ing from Fresnel reflection in the spectral bands, which correspond to the spectral
wavelengths of light that couple into and out of the mid-IR supercontinuum light
source developed for the ShapeOCT project, as well as one extremely wide spectral
band covering the central part of the mid-infrared spectral region:

Spectral band #1: 3.5–4.5µm
Spectral band #2: 6.0–8.0µm
Spectral band #3: 3.0–8.0µm

In addition to this, it is also required that the transmitted light through the tex-
tured surfaces is zero-order transmission, meaning that the light passes through the
structured surface unperturbed (without scattering or diffracting).

To accomplish these targeted goals, the project sets out by testing nanoimprinted
designs on bulk ChG windows before moving on to testing on fiber end-facets. This is
done in order to validate the exact antireflective properties produced by the imprints
in isolation, as measurements on bulk ChG should ideally contain no other losses than
surface reflection and material absorption.
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Besides the introduction, the thesis is organized into the seven following chapters:

Chapter 2: Theory
The basic concepts and theory behind transmission of light through a single,
two and structured interfaces.

Chapter 3: Computational Modelling of Structured Interfaces
The simulation tool used to model the antireflective properties of biperiodic
optical gratings along with a study of the design and optimization of antire-
flective moth-eye structures for the mid-infrared spectral region.

Chapter 4: Materials and Methods
The materials and methods used in the fabrication and nanoimprinting of an-
tireflective moth-eye structures on ChG window as well as how the imprinted
samples are characterized.

Chapter 5: Direct Nanoimprinting of Moth-eye Structures
The results from the 1st generation of moth-eye structures nanoimprinted on
ChG windows.

Chapter 6: Nanoimprinting Reflow Modified Moth-eye Structures
The results from the 2nd generation of moth-eye structures with enhanced
broadband antireflective properties.

Chapter 7: Nanoimprinting Fiber End-facets
The results from nanoimprinting antireflective nanostructures on ChG fiber
end-facets.

Chapter 8: Conclusion and Outlook
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CHAPTER 2
Theory

Whether it is a window, lens, waveguide or even an optical fiber, it is hard to imagine
any optical component without some form of interface connecting it with a surround-
ing medium such as air. In fact these types of optical systems usually contain at
least two such interfaces, one leading from the air to the component and one leading
back to air. In this chapter, we cover the basic concepts behind the transmission
and reflection of light at the interface between different optical media starting with
the simplest case and then moving on to the more complicated system with two in-
terfaces in succession. Finally, we take a look at interfaces with structured surfaces
focussing on the conditions for achieving zero-order diffraction gratings as well as the
fundamental principles behind antireflective surface structuring.

2.1 Refractive Index

The refractive index is the material property describing how fast light travels in a
given medium. It is defined in relation to the speed of light in vacuum (c):

nmedium =
c

vmedium

where vmedium is the speed of light in the optical medium. As the speed of light in
ambient air is relatively close to the speed of light in vacuum, the refractive index
of air is approximated to nair = 1. However, in most materials, the exact value
of the refractive index strongly depends on the given wavelength (λ) of the light, a
phenomena referred to as dispersion.

Sellmeier Equation

To establish an accurate analytical model, we need to introduce an expression for the
refractive index of the optical medium, which also takes dispersion into account. This
can be achieved by fitting a Sellmeier equation to a set of experimental data points
of the refractive index, which can be obtained by ellipsometry.
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The general formula for the Sellmeier equation is given by

n(λ) =

√√√√1 +A0 +
N∑

n=1

Anλ
2

λ2 − an
(2.1)

where the reported coefficients for stoichiometric As2Se3 and the commercial product
AMTIR-2 used as our bulk ChG samples can be found in Table 2.2. The experimental
data points for the refractive index of AMTIR-2 along with the analytical models for
the index of AMTIR-2 and As2Se3 are plotted in Figure 2.1. The plot clearly demon-
strates why we cannot simply use a constant for the refractive index in our analytical
modelling, as the index changes substantially in the mid-infrared spectral region. The
difference in refractive index between AMTIR-2 and As2Se3 stoichiometric ChG is
said to be due to a slightly higher selenium (Se) content in the AMTIR-2 glass [33].

2 4 6 8 10 12 14 16 18 20
2.7

2.75

2.8

2.85

2.9
As2Se3 (Sellmeier II)

AMTIR-2 (Sellmeier II)
AMTIR-2 (Exp. data)

Figure 2.1: Plot of the experimental data for the refractive index, n, and the two fits using
Equation (2.1) together with the coefficients for AMTIR-2 and As2Se3 stoichiometric
ChG, given in Table 2.2. Source for experimental data on refractive index: [34].

Table 2.2: The Sellmeier coefficients used to approximate the refractive index of AMTIR-2 and
As2Se3 (at 20 ◦C) in a two-term Sellmeier equation (Sellmeier II). Source: [33, 34].

A0 A1 a1 (µm) A2 a2 (µm)
AMTIR-2: −55.531193 62.260775 (0.10927329)2 0.9532603 (40.0162)2

As2Se3: 3.3344 3.3105 0.43834 0.89672 41.395
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2.2 Uniform Planar Interfaces

I

TR

θi

θr
θt

n1 n2

Figure 2.3: Diagram of a ray of light striking the planar interface between two optical media
with different refractive indices, n1 and n2.

The simplest model of the surface interface of an optical element is two isometric
media of different refractive indices, n1 and n2 with a planar border (interface) sepa-
rating to the two, as illustrated in the diagram shown in Figure 2.3. When a ray of
light (I) strikes the interface, a fraction of the light gets transmitted (T) at an angle,
known as refraction, while the rest gets reflected (R). The angle (θt), with which the
transmitted light is refracted, is described by Snell’s law:

n1 sin θi = n2 sin θt (2.2)

where θi is the angle of incidence (AOI) of the light incident on the surface. The law
of reflection states that θi = θr, also known as specular reflection.

The fraction of the incident light, which gets transmitted and reflected at the in-
terface, depends on the polarization of the incident electromagnetic wave, which can
be either s-polarized, if the E-field of the incident electromagnetic wave is perpendic-
ular to the plane of incidence, or p-polarized, if the E-field is parallel to the plane, as
illustrated in Figure 2.4. The fraction of incident power, which is transmitted (Trans-
mittance) and reflected (Reflectance) in these two polarization states, is described by
the Fresnel equations:

Rs =

∣∣∣∣n1 cos θi − n2 cos θt
n1 cos θi + n2 cos θt

∣∣∣∣2 , Rp =

∣∣∣∣n1 cos θt − n2 cos θi
n1 cos θt + n2 cos θi

∣∣∣∣2

Ts = 1−Rs , Tp = 1−Rp

However, the light generated by most common light sources is not purely s- or p-
polarized waves but instead contains polarized components in all directions perpen-
dicular to the direction of propagation of the wave. We call this unpolarized light



16 2 Theory

Plane of incidence
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n2

n1

I
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T

Figure 2.4: 3-dimentional diagram of the incident light as it strikes the planar interface, with
the orientation of the E-field of the s- and p-polarized light highlighted in blue and
green color.

and describe it as consisting of equal parts s- and p-polarized electromagnetic waves.
The fraction of incident power, which is transmitted and reflected in the case of
unpolarized light, is given by the average of the two polarization states:

R =
Rs +Rp

2
, T = 1−R (2.3)

At normal incidence θi = θt and Equation (2.3) reduces to:

R =

∣∣∣∣n1 − n2

n1 + n2

∣∣∣∣2 (2.4)

Transmittance of an As2Se3 Surface

Assuming a refractive index for As2Se3, which we previously established an analytical
expression for in Equation (2.1), as well as an incident wavelength of λ = 4 µm,
we can plot the expected transmittance and reflectance from an s- and p-polarized
electromagnetic wave incident on a planar As2Se3 surface as function of the angle
of incidence as shown in Figure 2.5(a). The figure also includes the Brewster angle,
which is the angle at which an incident p-polarized wave experiences zero reflectance.

If we assume the same conditions but with an unpolarized electromagnetic wave,
we can plot the transmittance and reflectance as function of AOI as shown in Fig-
ure 2.5(b). This figure shows us that at close to normal incidence (θi ≈ 0), we can
expect a baseline reflectance of ∼22% (or a baseline transmittance of ∼78%) from an
As2Se3 surface.
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Figure 2.5: (a) Plot of the reflectance and transmittance of the two polarization states s and p
as function of incident angle θi. The Brewster angle at 70.15◦ has been highlighted.
(b) Plot of the reflectance and transmittance of unpolarized light.

2.3 Transmission Through a Slab

When a beam of light propagates through a two-interface system in parallel, such as
a slab (window), it is not enough to just calculate the transmittance and reflectance
of the two interfaces separately, since in this type of system, light is able to reflect
back ad forth internally between the two interfaces. This is true even if the second
interface leads from a medium with a higher refractive index to a lower refractive
index medium, since the Fresnel equations simply depend on the absolute difference
in the refractive index, also known as the index contrast. Theoretically, this internal
reflection can continue an infinite number of times, with the reflected power becoming
a fraction smaller each time the ray of light bounces off an interface, as illustrated in
the diagram shown in Figure 2.6.

The transmittance of the first (front) and second (back) interfaces are defined by
Equation (2.3) as

T1 = 1−R1 , T2 = 1−R2

where R1 and R2 are the reflectance at the first and second interface, respectively.
The fraction of the incident power on the slab (I0) which is transmitted (It,0) as

the ray strikes the first interface for the first time is by definition given by

It,0 = T1 = 1−R1

As the ray strikes the second interface for the first time, the fraction of the incident
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Figure 2.6: Sketch of a ray of light as it propagates through a slab with a refractive index of n2,
illustrating the concept of internal reflection.

power (Ii,1 = It,0) which is transmitted (It,1) and reflected (Ir,1) as the ray strikes
the second interface for the first time is given by

It,1 = Ii,1 T2 = (1−R1) (1−R2) (2.5)

and

Ir,1 = Ii,1 R2

The reflected ray is then reflected yet again on the front facing interface. Thus the
fraction of the incident power which is now incident on the second interface for the
second time is given by

Ii,2 = Ir,1 R1

and the fraction of the incident power which is then transmitted is given by

It,2 = Ii,2 T2 = (1−R1)R2R1 (1−R2)

As mentioned earlier, the ray will continue to bounce back and forth an infinite
number of times, assuming there is no material absorption. Thus, the transmittance of
the slab (Twin) is given by the total sum of all fractions of incident power transmitted
through the second interface:

Twin = It,1 + It,2 + It,3 + ...
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We can see from analysing It,1 and It,2, that each time the ray returns to the
second interface, the expression for the transmitted power is multiplied by R2R1. We
can therefore replace this with an infinite sum:

Twin (R1, R2) = (1−R1) (1−R2) lim
N→∞

N∑
n=0

(R1R2)
n (2.6)

where 2N+1 is the total number of internal reflection events. This sum is also known
as a geometric series:

∞∑
n=0

(x)
n
= 1 + x+ x2 + x3 + x4 + ... =

1

1− x

and we can therefore simplify Equation (2.6) to:

Twin (R1, R2) =
(1−R1) (1−R2)

1−R1R2
(2.7)

In the case of a blank window with two identical surfaces (R1 = R2 = R) the expres-
sion for the transmittance reduces to

Twin (R,R) =
(1−R)

2

1−R2
(2.8)

Transmittance of an As2Se3 Window

Using Equation (2.1), Equation (2.3) and Equation (2.8), we can calculate the ex-
pected transmittance of unpolarized light through an As2Se3 window as function of
the incident wavelength, at normal incidence (θi = 0), as shown in Figure 2.7. The
figure shows that for unpolarized light at normal incidence, we can expect a base-
line transmittance of ∼64%. To calculate the transmittance without including the
contribution from internal reflections, which is also shown in the figure, we replace
Equation (2.8) with Equation (2.5). Note, that the contribution to the transmittance
from internal reflections is a significant net positive of ∼3% (from ∼61% to ∼64%),
which at a glance appears counterintuitive. However, as demonstrated here, this can
be explained by a system where more internal reflection events occur, in which a
fraction of the ray of light is transmitted through the second glass-air interface.

The maximum transmittance attainable by reducing Fresnel reflection from a sin-
gle As2Se3 surface in a slab Tmax, simply corresponds to the expected transmittance
from a single As2Se3-air interface given by Equation (2.3). The maximum trans-
mittance improvement (∆Tmax) attainable by treating one of the two surface in an
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As2Se3 window with an antireflectivesolution is therefore roughly given by

∆Tmax = T − Twin (R,R) = (∼78%)− (∼64%) = ∼14%
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Twin (w/o internal refl.)

Twin (w. internal refl.)

Tmax

ΔTmax

Figure 2.7: Plot of the calculated transmittance of an unpolarized electromagnetic wave through
an As2Se3 window, at normal incidence, as function of incident wavelength.

Meanwhile, the maximum transmittance improvement attainable by treating the
second interface of an As2Se3 window with an antireflective solution is ∼22%, since
at this stage there is no net positive contribution from internal reflection to cancel or
obscure the antireflectiv eeffect produced by the antireflective solution.

2.4 Structured Interfaces

Diffraction Gratings

If a structure is repeated throughout an interface to form an array of structures,
also known as a surface relief, it essentially becomes a 2-dimensional diffraction grat-
ing, meaning that a beam of light can interact with the surface to create diffraction
patterns. This happens if the wavelength of the incident light and the period of
the structure array are comparable in size. If the wavelength of the incident light
is significantly larger than the period, the beam will simply pass through the grat-
ing interface unperturbed, in which case the grating is referred to as a zero-order
transmission grating.

The relationship between the wavelength, the period of the structure array and
the type of diffraction it produces is derived by the well-known grating equation. The
equation relates the requirement for constructive interference of two rays incident



2.4 Structured Interfaces 21

B

A

DC

p

n1 n2

θi

θt

(a)

B

A

DC

p

n1 n2

θt

θs

θi

(b)

Figure 2.8: Diagram of a transmitted rays of light from a (a) rectangular profile and (b) tapered
profile structured diffraction grating consisting of two optical media with refractive
indices n1 and n2. Adapted from [35].

on adjacent features by their difference in path-lengths with an integer number of
wavelengths. The equation is therefore given by

n2AB− n1CD = mλ

where AB and DC are the path-lengths of two rays incident on adjacent features,
as shown in Figure 2.8(a), and m is the order of the diffracted beam (an integer).
Therefore, in the case of a transmitted ray of light, the grating equation becomes

n2 sin θt − n1 sin θi =
mλ

p

where p is the feature pitch/period of the grating. If we assume the incident medium
is air (n1 = 1) then at normal incidence (θi = 0) the grating equation reduces to:

n2 sin θt =
mλ

p

which shows us that if p decreases then θt must increase for any given diffraction
order. If p is decreased, at some point θt = 90◦, meaning the given diffraction order
must become evanescent. Since the first-order diffraction (m = 1,−1) is the last order
to vanish from the system, the zero-order grating condition for a rectangular surface
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structure must therefore be:
p <

λ

n2
(2.9)

As we previously covered, moth-eye structures per definition do not have rectan-
gular profiles. Therefore, we set up the same conditions again, but this time using a
tapered structure profile with a sidewall angle (θs) as defined in Figure 2.8(b). The
grating equation for this system is given by

n2 sin (θt − θs)− n1 sin θi =
mλ

p

Assuming again that the incident medium is air (n1 = 1), the grating equation at
normal incidence (θi = 0) reduces to

n2 sin (θt − θs) =
mλ

p

Using the following relation:

sin (A±B) = sinA cosB ± cosA sinB

the grating equation for a sloped structure can be rewritten as

n2 (sin θt cos θs − cos θt sin θs) =
mλ

p

and if we apply the same conditions for vanishing diffraction orders (θt = 90◦, m = 1)
reduces to

n2 cos θs =
λ

p

The zero-order grating condition for the sloped profile grating structure is there-
fore

p <
λ

n2 cos θs
(2.10)

What Equation (2.10) essentially suggests is that a tapered structure shifts the posi-
tion of where the grating begins to diffract the incident light to slightly lower wave-
lengths compared to its rectangular counterpart.
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Zero-order Grating Condition of an As2Se3 Structure Array

If we calculate the optical characteristics for an As2Se3 structure array (n2 ≈ 2.78)
with a period p = 1 µm with and without a sloped sidewall angle of θs = 20◦, we get
the following zero-order diffraction condition for the incident wavelength:

Tapered profile:
λ0th−order > n2 cos θs p = 2.78 cos (20◦) 1.0µm = 2.61µm

Rectangular profile:
λ0th−order > n2p = 2.78 · 1.0µm = 2.78µm

where λ0th−order is the wavelength below which the grating no longer behaves as a
zero-order diffraction grating. This example demonstrates the difference in behavior
between the two gratings, despite having identical periods. Mapping the zero-order
grating condition as function of period and sidewall angle, we generate a clearer
overall picture of the range of periods applicable in the three targeted wavelength
bands, which appears to be approximately p . 1.3µm (for 3.5–4.5µm, Band #1),
p . 2.3µm (for 6.0–8.0µm, Band #2) and p . 1.15µm (for 3.0–8.0µm, Band #3)
respectively, as highlighted by the red dashed lines in Figure 2.9.
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Figure 2.9: Contour plot (map) of λ0th−order as function of period and sidewall angle. The
λ = 3.5 µm and λ = 6 µm contour levels have been highlighted.
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Impedance Matching

The British scientist John William Strutt (Lord Rayleigh) was the first to observe
the antireflective properties of an impedance matching surface [36], as he discovered
that his old optical glasses exhibited higher transmittances than his new and cleaner
optical glasses. The eventual explanation for this was that over time, the older glasses
had produced a slight tarnish on their surfaces, thus providing the air-glass interface
with an ’intermediate’ layer consisting of a different optical material, as shown in Fig-
ure 2.10, which is often referred to as a thick-film. The basics behind the antireflective
effect of a thick-film can easily be demonstrated simply by calculating the expected
reflectance from such an interface and subsequently comparing it to the calculated
reflectance of a pristine surface.

nair

n1

n2

Figure 2.10: Model of the thick-film glass interface with nair < n1 < n2.

Assuming the optical glass is made from SiO2 (n2 ≈ 1.46 at λ = 500 nm) and that
the tarnished layer has a refractive index n1 = 1.25, which lies between the refractive
index of the glass and the air, we can calculate the reflectance of unpolarized light
striking the surface of the thick-film at normal incidence, using Equation (2.4):
The reflectance from the air-film interface is given by

Rair−film =

∣∣∣∣nair − n1

nair + n1

∣∣∣∣2 =

∣∣∣∣1− 1.25

1 + 1.25

∣∣∣∣2 = 0.0123

and the reflectance from the film-glass interface is given by

Rfilm−glass =

∣∣∣∣nair − n1

nair + n1

∣∣∣∣2 =

∣∣∣∣1.25− 1.46

1.25− 1.46

∣∣∣∣2 = 0.006

Thus, the transmittance of the thick-film can be calculated using Equation (2.7):

Twin (Rair−film, Rfilm−glass) =
(1−Rair−film) (1−Rfilm−glass)

1−Rair−filmRfilm−glass
⇒

Twin (Rair−film, Rfilm−glass) =
(1− 0.0123) (1− 0.006)

1− 0.0123 · 0.006
= 0.9818 = 98.18%
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corresponding to a reflectance of 0.0182 or 1.82%.
If we do the same calculation for the bare interface using Equation (2.4) we get:

Rair−glass =

∣∣∣∣nair − n2

nair + n2

∣∣∣∣2 =

∣∣∣∣1− 1.46

1− 1.46

∣∣∣∣2 = 0.0350 = 3.5%

suggesting that the reflection is reduced by a factor of two.
Hypothetically, if one were to add a second or even a third coating layer between

the previous coating and air with a refractive index between the medium above and
below, the reflection would drop even further and if one continued to add layers like
this, the reflection would eventually converge towards zero and become negligible
(assuming no material absorption). This mechanism is known as index matching or
impedance matching, which is a common practise when designing electronic circuits
to minimize signal reflection. While this type of interface would exhibit incredible an-
tireflective properties, fabricating it by stacking layers with slightly different refractive
indices on top of each other is extremely challenging from a technological standpoint.
There is, however, a simpler way of achieving the same effect using subwavelength
surface structures.

Subwavelength Structures

nair

 nair

nsub

nsub

z

1
0

nsub

nair

nsub

 nair

nsub
1

0

nsub

nsub

nsub

neff

neff

h

h

z

Figure 2.11: Schematic of two subwavelength structures, a staircase and a moth-eye design, and
their corresponding refractive index profile perceived by the incident light. Adapted
from [35].

When the dimensions of a surface structure becomes smaller than the wavelength
of the incident light, the structures no longer just scatter the light at its surface.
Instead, the light is reflected and transmitted as if it encounters a nonstructured
optical medium, whose optical properties are given by the weighted spatial average of
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the structure profile [37], as illustrated in Figure 2.11. Therefore, if the subwavelength
structure is tapered, the light perceives a gradually changing index rather than an
abruptly changing index (index contrast), as it propagates through the interface.
This reinterpretation of a structured surface into stratified layers, each with its own
’effective’ optical properties, is the basis behind Effective Medium Theory, and the
average refractive index derived from it is referred to as the effective refractive index
(neff). Structures which produce a continuous and smooth transition between two
optical media are called moth-eye structures (bottom example in Figure 2.11) and are
well-known for their broadband antireflective capabilities due to the impedance/index
matching mechanism explained in the previous section. However, their effectiveness at
producing this antireflection depends strongly on the shape (profile) of the structure,
as this determines the refractive index gradient profile produced, which ultimately is
what governs its optical properties.

Studies suggest that the near optimum index gradient for achieving minimum
reflection across the broadest spectrum is a quintic function given by

neff(z) = n1 + (n2 − n1)
(
10z3 − 15z4 + 6z5

)
(2.11)

where n1 and n2 are the refractive indices of the two optical media and z is the height
above the interface [38]. This index gradient profile, shown in Figure 2.13(a), not
only produces a smooth transition between the two media, but it also achieves a first
and second derivative to be equal to zero at either end (z = 0 and z = h), making
the transition between the two completely seamless. However, note that the quintic
profile is only the optimum choice in cases where the height of the structure (h) is
larger than about the half-wave optical thickness. Other common (primitive) moth-
eye shaped structures include the conical, Guassian, elliptical and parabolic profiles,
all of which have been plotted in Figure 2.13(a) as well.

p

p
90°

(a)

p

p
60°

(b)

Figure 2.12: Illustration of a close-packed (a) square and (b) hexagonal (honeycomb) lattice
structure array.
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To optimize the design of a subwavelength structure further, one can maximize its
packing density, sometimes referred to as the duty cycle or fill fraction/factor. This
is to minimize the index contrast that remains between the base of the structure and
the substrate. For this reason a close-packed square lattice or honeycomb (hexagonal
lattice) pattern arrangement of structures with square or hexagon shaped bases is
generally preferred since these arrangements allow 100% coverage of the interface,
as illustrated in Figure 2.12. However, when the incident light is randomly polar-
ized (unpolarized), the honeycomb lattice array generally offers a more consistent
antireflective performance due to its higher degree of circular symmetry [37].

With a honeycomb arrangement of circular structures the packing density is given
by

f(z) =
Astructure
Aunitcell

=
2πr(z)2

2p2 sin(60) (2.12)

whereAunitcell is the unitcell area, Astructure is the combined area covered by structures
in the unitcell and r(z) is the structure radius as function of height, z. The effective
refractive index profile is therefore given by

neff(z) = n2f(z) + n1 (1− f(z)) (2.13)

Subwavelength As2Se3 Structures
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(a) Structure Profile
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(b) Refractive Index Profile

Figure 2.13: (a) Plot of the quintic structure profile together with four common moth-eye struc-
ture profiles (conical, Gaussian, elliptical and parabolic) and (b) their correspond-
ing effective refractive indices as function of normalized height.

Considering an As2Se3 structured surface, we can use Equation (2.12) and Equa-
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tion (2.13) to calculate the effective refractive index profiles for a conical, Guassian,
elliptical and parabolic shaped structure with a circular base arranged in a close-
packed (r(0) = 0.5p) honeycomb array. This is plotted in Figure 2.13(b) along with
the quintic index profile given by Equation (2.11), demonstrating the vastly different
index gradients produced by different structure profiles. It also captures what hap-
pens when 100% coverage is not achieved, which in this case is the consequence of

a maximum packing limit f(0) =
π
√
3

6
= 0.9069 for a circular base structure in a

honeycomb lattice, resulting in a small index contrast near the base of the structure
as all index gradient profiles terminate at neff(0) = 2.605.

Inverted Moth-eye Structures

Protrusions

h

p

r
Depressions

h

p

r

Figure 2.14: Sketch of a moth-eye protrusion and depression design.

Instead of having protrusion-like pillars on a substrate surface, moth-eye structures
can also take the shape of inverted structures such as depressions, and while the
antireflective effect behind such moth-eye structures also revolves around creating
an impedance matching layer, the way they are formed are slightly different. In a
protrusion-based design, the mold squeezes the moldable material into a mold cavity,
creating pillars/posts, meanwhile in a depression-based design, the mold penetrates
the surface to push the moldable material out of its way. Furthermore, as the index
gradient is formed by holes in the substrate, the ideal structural profiles for depression-
based designs are inherently slightly different than in protrusion-based designs, purely
due to geometry. As there are both benefits and disadvantages of both approaches,
we investigate these inverted structures as well as protrusion-based structures using
simulations to model their optical properties in the next chapter.



CHAPTER 3
Computational

Modelling of Structured
Interfaces

While conceptualizing a moth-eye structure design can be fairly straight forward,
determining exactly how it is going to change the optical properties of a substrate
surface can be difficult using analytical models alone. Therefore, in this chapter,
we take a look at simulating the antireflective properties produced by subwavelength
structures when applied to an As2Se3-air interface. We begin by introducing the basic
principles behind rigorous coupled-wave analysis (RCWA) as well as the modelling
software used. We then move on to conducting a simulation-based study of the
design and optimization of antireflective moth-eye structures at a center wavelength
of 4µm and 6µm for the 3.5–4.5µm and 6–8µm spectral bands, respectively. Finally,
we investigate what happens to the optical properties when the height and packing
density changes as well as what happens when we do not achieve full structural
replication.

3.1 Rigorous Coupled-wave Analysis

RCWA is a frequency-based, semi-analytical simulation method and one of several
modelling techniques used to simulate the optical properties of antireflective subwave-
length structured interfaces. However, what sets RCWA apart from other methods,
such as the finite-difference time-domain (FDTD) and the finite element modelling
(FEM) method, is that it is able to model the behavior of periodic gratings fairly ac-
curately, while maintaining a relatively fast computation speed [39]. A requirement
of RCWA simulations, however, is that the model geometry must be periodic in the x
and y-directions and consist of stacked homogeneous slabs in the z-direction. A grat-
ing structure modelled with the RCWA method is therefore always composed of many
separated layers stacked on top of each other. With a stratified model such as this,
the electromagnetic fields and permittivity in each grating strata can be described in
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terms of Fourier series, while a set of differential equations describe the propagation
of Fourier coefficients through each layer of the grating. Using a scattering matrix
like approach, Maxwell’s equations can be solved by matching the boundary condition
at the interfaces between individual layers in the grating structure. The computed
output from the RCWA method is the reflected and transmitted efficiencies of any
diffracted order of interest. As the incident wavelength and angle of incidence are
defined as inputs to RCWA simulations, it naturally models dispersion as well. The
main source of numerical error arises from how well the grating can be described by a
staircase approximation and the number of Fourier terms included in the description
of the electromagnetic fields and the permittivity in the grating slabs [39].

The GD-Calc Model

In this work, the MATLAB-based electromagnetic simulation software Grating Diffrac-
tion Calculator (GD-Calc, KJ Innovation, U.S) is the primary tool used to gauge the
optical response of a given grating design. GD-Calc excels at this, as it is specifi-
cally designed to simulate the optical characteristics of diffraction gratings, including
bi-periodic gratings such as honeycomb lattice arrays. Furthermore, as it runs in a
MATLAB-based environment, combining it with more complicated scripts is easier
and gives us free reign to modify and adapt the code to fit the specific needs of the
study.

GD-Calc employs a general variant of the RCWA method to compute the diffrac-
tion efficiencies of any grating geometry constructed within the GD-Calc interface [40].
However, due to the modelling restrictions brought on by the RCWA method, any
defined 3-dimensional grating structure must be approximated by a stratified model.
GD-Calc therefore first divides the interface into three discrete, infinite horizontal
regions: a superstrate and a substrate, and an intermediate grating region, where the
defined moth-eye structure is stratified into layers called strata in the x1-direction,
as illustrated in Figure 3.1(a). To complete the construction of a honeycomb lattice
grating, the stratified moth-eye structure is repeated in the x2-direction on along a
line called a stripe with a periodicity of p. The constructed stripe is then repeated in
the perpendicular x3-direction with a periodicity of p sin(30◦) and shifted by half a
period in the x2-direction. Unfortunately, GD-Calc does not allow for grating stripes
to overlap and is therefore limited to modelling structures with a maximum base ra-
dius of r(0) ≤ 0.433p, which in a honeycomb lattice corresponds to a packing density

of f ≤ 2πr(0)2

2p2 sin (60◦) = 0.68. An example of a competed grating geometry, defined
by a sinusoidally shaped moth-eye structure in a honeycomb lattice array is shown
in Figure 3.1(b). In a later section, however, we will demonstrate how to bypass
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Substrate
(As2Se3)
n2= 2.77

Superstrate
(air)
n1=1

Intermediate
(air/As2Se3)
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Circular Structures
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λ
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pp sin(30°)

(b)

Figure 3.1: (a) Sketch of the three horizontal regions of a sinusoidal shaped grating as defined
in the CG-Calc model. (b) A collage of some of the internal components which go
into the GD-Calc model when constructing a bi-periodic grating with a sinusoidal
profile structure.

this modelling limitation. With a grating geometry defined, the refractive indices of
the substrate and superstrate can be defined using Equation (2.1). As we already
assigned ’roles’ to the blocks created within the grating region, when the grating
geometry was constructed, the program automatically assigns the correct refractive
indices to blocks belonging to the moth-eye structures and the air around it. Finally,
the polar (θi) and azimuth (ϕ) angle of incidence and the wavelength (λ) of the in-
cident electromagnetic field, including the number of diffraction orders (m) retained
in the calculations need to be defined before the model is ready to be simulated.

Convergence Analysis

As previously mentioned, the accuracy of RCWA models depends on how well the
grating structure is approximated by a staircase design as well as the number of terms
used in the Fourier series. Therefore, before we begin simulating the optical properties
of different grating structures, we need to ensure that the models are numerically
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Figure 3.2: Convergence plots of the simulated transmittance error for a sinusoidal structure
with p = 1.6 µm, h = 1.6 µm and f = 0.68. (a) The relative error with increasing
N compared to N = 50 (with m = 5 and L = 50). (b) The relative error with
increasing m compared to m = 20 (with L = 50 and N = 25). (c) The relative error
with increasing L compared to L = 100 (with m = 5 and N = 25).

converged, meaning the simulation results do not change significantly if we simulate
a more accurate approximation of the structures or increase the complexity of the
calculations used in the model.

The accuracy of any GD-Calc model is governed by three parameters: L, which
is the number of layers used to divide the grating structure, N , which determines
the number of block partitions used to approximate circular structures, and m, which
defines the number of terms used in the Fourier series. We therefore set out to conduct
a convergence analysis of these three parameters by gradually increasing them and
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comparing the simulated transmittances with the simulated transmittance assumed
to be the most accurate. Note, however, that simply partitioning the grating structure
into finer blocks does not always ensure a better accuracy since the block corners can
cause the simulated electromagnetic field to spike, thus requiring a larger number
of diffracted order to be retained in order to resolve the spike adequately [40, 41].
Therefore, a balance between approximating the grating geometry and improving the
accuracy of the model must be struck.

The convergence analysis was carried out using the sinusoidal structure shown in
Figure 3.1(b), with p = 1.6 µm, h = 1.6 µm and f = 0.68, and sweeping the 3.8–
5µm wavelength range. From the first convergence plot, shown in Figure 3.2(a), it
is clear that increasing N while m and L are kept constant (at m = 5, L = 50) has
very minimal impact on the accuracy of the model, which is defined as the relative
difference in transmittance between the current model and the model with most
detailed approximation of the circular geometry (N = 50). The maximum relative
error between the model with N = 25 and N = 50 is < 0.001%. We therefore settle
at N = 25. The convergence of L and m is shown in Figure 3.2(b) and Figure 3.2(c)
respectively and shows similar trends of higher accuracies towards larger values. At
L ≥ 50 and m ≥ 5, we arrive at relative errors < 0.1% compared to simulations using
models with L = 100 and m = 10. We therefore settle at m = 5 and L = 50. The
reason for not choosing a much larger L is because for larger L an equally large m is
also required as the denser layers require a larger Fourier expansion to resolve.

In conclusion, the simulation results given by our GD-Calc models should be
reasonably converged when

N & 25 , m & 5 , L & 50 .

3.2 Moth-eye Structures Optimized for 3.5–4.5 µm

The first of the three targeted spectral bands is from 3.5–4.5µm. Therefore, to get
an idea of what period, height and shape of moth-eye structure design will yield the
most optimized antireflection at these wavelengths, we computed the zeroth-order
transmittance of unpolarized light at at its center wavelength of λ = 4 µm and normal
incidence (θi = 0, ϕ = 0). This was done for three distinct (protrusion based) moth-
eye structure profiles: sinusoidal, conical and parabolic, as shown in Figure 3.4(a,c,e),
with the structures arranged in a hexagonal lattice grating. By mapping the simulated
zeroth-order transmittance as function of period and height, we cannot only evaluate
which moth-eye profile performs the best but also pinpoint a region of structural
dimensions which will yield the best antireflective performance in this specific band
of interest. We are particularly interested in highly antireflective regions where the
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structural dimensions have an aspect ratio h/p . 2, as this is within the range of
structural designs that a regular nanoimprinting method is capable of replicating.

The maps of the simulated zero-order transmittance for the three moth-eye pro-
files are shown in Figure 3.4(b,d,f). The maps show a general trend towards better
antireflective performances at larger h and only a small dependency to the period,
if we exclude diffraction of the transmitted light, which is seen as the sudden drop
in the simulated zeroth-order transmittance at larger periods. If we compare the
three maps, it is clear that the sinusoidal structure profile does not perform as well as
the two others with only a narrow set of structural dimensions achieving more than
98% transmittance near the diffraction limit, which for the sinusoidal prodile struc-
ture appears at p > 1.675µm. The map of the conical zeroth-order transmittance
shown in Figure 3.4(d) has relatively large structural region from h = 1.25–2.0µm
and p = 1.0–1.67µm, promising excellent antireflective properties of zeroth-order
transmittance > 98% at 4µm. It also lies within the realm of what is possible to
replicate with a nanoimprinting method, as it corresponds to structures with aspect
ratios h/p ≤ 2. Finally, examining the simulated zeroth-order transmittance map
given by the parabolic structured grating, shown in Figure 3.4(f), we find two simi-
lar regions of structural dimensions, yielding highly antireflective properties, one at
h > 2µm, and another at h < 1.4µm, which is more suitable for nanoimprinting. In
fact, this region is even more promising than the previous region found for the conical
profile structures, as it is located at a slightly lower structure height between h = 0.7–
1.35µm, and at periods between p = 0.5–1.675µm, which is well within the range of
replication capability of regular nanoimprinting methods. A summary of the three
located regions of structural dimensions optimized for zeroth-order transmittance at
λ = 4 µm and normal incidence (θi = 0, ϕ = 0) can be found in Table 3.3.

Table 3.3: The structural dimensions of hexagonal arranged, protrusion based moth-eye structures
optimized for zeroth-order transmittance of unpolarized light (λ = 4 µm) at normal inci-
dence (θi = 0, ϕ = 0), based on RCWA simulations.

Structure profile: Sinusoidal: Conical: Parabolic: Pyramid (square-lattice):
Pitch, p (µm): 1.5–1.675 1.0–1.67 0.5–1.675 0.5–1.475
Height, h (µm): 1.1–3 1.25–2 0.7–1.35 1.15–3
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Figure 3.4: Three different GD-Calc models and corresponding maps of the simulated zeroth-
order transmittance of unpolarized light (λ = 4 µm) at normal incidence (θi = 0,
ϕ = 0), as function of structure period and height. (a,b) Sinusoidal shaped structure
(L = 50, N = 25 , m = 5, f = 0.68). (c,d) Conical shaped structure (L = 50,
N = 25 , m = 5, f = 0.68). (e,f) Parabolic shaped structure (L = 40, N = 20 ,
m = 6, f = 0.68).
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Pyramid Structures

54.74º

(111) (111)

(a)

h

p

h p

λ=4 µm

(b)

Figure 3.5: (a) GD-Calc pyramid structure model (L = 25, N = 0, m = 5, f ≈ 1) (SEM
image source: [42]) and the corresponding (b) map of the simulated zeroth-order
transmittance of unpolarized light (λ = 4 µm) at normal incidence (θi = 0, ϕ = 0),
as function of structure period and height. The dashed line highlights the struc-
ture aspect ratio (h/p . 0.7062) which is what is achievable in silicon by a simple
potassium hydroxide wet-etching process.

In a study conducted by Emil Søgaard [42], a method for fabrication of pyramid
shaped structures in silicon using potassium hydroxide (KOH) as a wet-etchant com-
bined with a square lattice etch mask on a (100)-silicon wafer was developed, showing
great promise as a way of achieving structured surfaces with very high packing densi-
ties. The etch rate of KOH in silicon is highly anisotropic as the etch rate depends on
the crystal orientation of the silicon substrate. The etch rate is especially low for the
(111) silicon crystal plane, which is what leads to the formation of silicon pyramids
like the ones shown in the top left corner of Figure 3.5(a). The angle of the sloped
sidewalls are therefore well known as being θs = 54.74◦, as illustrated in the top right
corner of Figure 3.5(a). We can use this information to calculate the aspect ratio of
the pyramids produced by such a KOH wet-etch:

h

p/2
= tan(θs) ⇒

h

p
=

tan
(
54.74

π

180

)
2

= 0.7072

As the method presents a simple way of fabricating structured surfaces with almost
full packing density, it could be interesting to see whether these structures could be
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used to create moth-eye structures which could be replicated on As2Se3 surfaces. We
therefore set out to map the simulated zeroth-order transmittance at λ = 4 µm and
normal incidence (θi = 0, ϕ = 0) using a pyramid-based moth-eye structure design
in a square lattice grating, as shown in the bottom of Figure 3.5(a). The produced
map as function of period and height is given in Figure 3.5, and the dashed black
line represents the aspect ratio produced by the wet-etch. While it is clear from the
map that such a pyramid structure can achieve excellent antireflective properties, the
pyramid aspect ratio produced by the wet-etch is simply not tall enough to reach this
highly antireflective region, which covers most of the top of the map. We therefore
decided not to pursue such moth-eye structures further in the project.

Inverted Moth-eye Structures

Inverted or depression-based moth-eye structures is another approach to achieving
an impedance matching layer and we therefore set out to investigate the potential
of this type of moth-eye structures by simulating the zeroth-order transmittance of
gratings consisting of inverted sinusoidal and parabolic shaped holes. Mapping the
simulated zeroth-order transmittance of these two gratings as function of period and
height, as shown in Figure 3.6(b) and Figure 3.6(d), we see that overall the efficiency
is substantially lower than for the protrusion-based structures. This is likely due
to the relatively low packing density of f ≈ 0.68 used in these two models, which,
when combined with how the effective index gradient is formed from the inverted
structure design, leads to a larger index contrast near the top of the structures, where
it interfaces with the air. It is hypothesized that packing densities close to unity are
required in such inverted designs, if a smooth and continues transition of the effective
refractive index is to be achieved. This fits with another computational study on the
topic of optimized As2S3 moth-eye structures recently published [43], which suggested
that close-packed ”cusp”-like negative half-ellipsoidal moth-eye structures were able
to provide excellent antireflective performance in cases where reduced depths/heights
were imposed on the texture.

Despite attempts at modelling inverted grating structures with packing densities
f > 0.68, it has so far not been possible with the GD-Calc scripts developed in
this project, due to how GD-Calc constructs the model as adjacent non-overlapping
stripes. A solution to this modelling problem has partially been solved for models
with protrusions by shortening or removing blocks which happen to overlap with
adjacent stripes. However, as illustrated in Figure 3.6(e), this solution does not suit
the inverted structure design well and for this reason we decided not to pursue inverted
moth-eye structures designs any further.
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Figure 3.6: (a) GD-Calc inverse sinusoidal structure model (L = 50, N = 25, m = 5, f =
0.68) and the corresponding (b) map of the simulated zeroth-order transmittance
of unpolarized light (λ = 4 µm) at normal incidence (θi = 0, ϕ = 0), as function of
structure period and height. (c) GD-Calc inverse parabolic structure model (L = 25,
N = 10, m = 5, f = 0.68) and the corresponding (d) map of the simulated zeroth-
order transmittance of unpolarized light (λ = 4 µm) at normal incidence (θi = 0,
ϕ = 0), as function of structure period and height. (e) Example of the modelling
issue that arises in GD-Calc when it tries to model an inverted grating structure
with f > 0.68.
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Figure 3.7: (a) GD-Calc parabolic structure model (L = 40, N = 20, m = 6, f = 0.68) and the
corresponding (b) map of the simulated zeroth-order transmittance of unpolarized
light (λ = 7 µm) at normal incidence (θi = 0, ϕ = 0) as function of period and height.

The second of the three targeted spectral bands is from 6–8µm. To determine the
appropriate moth-eye structure dimensions for this spectral band, we repeated the
study of computing the zeroth-order transmittance of unpolarized light (λ = 7 µm),
at normal incidence (θi = 0, ϕ = 0). However, this time we only opted to investigate
the parabolic moth-eye profile, as in the previous study of moth-eye structures in the
3.5–4.5µm band, this profile shape demonstrated the best antireflective properties at
the smallest aspect ratio. The map of the simulated zeroth-order transmittance for
the parabolic structure at λ = 7 µm is shown in Figure 3.7(b). The map looks almost
identical to the map produced at λ = 4 µm, except that the structure dimensions have
shifted to slightly higher values and the zeroth-order diffraction limit has shifted to
about p > 2.9µm. The map indicates the optimal region for λ = 7µm at h = 1.35–
2.35µm and p = 1.0–2.9 µm.

Table 3.8: The optimal dimensions for zeroth-
order transmittance at λ = 7 µm.

Structure profile: Parabolic:
Pitch, p (µm): 1.0–2.9
Height, h (µm): 1.35–2.35
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3.4 Simulating Structured Slabs

GD-Calc is set up to simulate the diffraction efficiencies of transmitted and reflected
orders of a single interface. However, in order to verify experimental measurements,
we need to be able to compare the simulation of a single interface with the exper-
imental measurements of the transmittance through two interfaces (windows), one
structured and one unstructured. We therefore need to apply the equations we pre-
viously established in the theory chapter.
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Figure 3.9: Plot of the simulated transmittance of unpolarized light (4µm) at normal incidence
through an As2Se3 window (a) without including internal reflection, (b) including
internal reflection and (c) including internal reflection and material absorption.
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If the simulated reflectance from a single structured interface is given by Rsim,
then the transmittance of a slab without including internal reflection is given by
Equation (2.5), given by

Twin (R1, R2) = (1−R1) (1−R2) ⇒

Twin (Rsim, R2) = (1−Rsim) (1−R2)

where R2 is the baseline reflectance of the blank interface given by Equation (2.3).
As an example, the result from this calculation has been plotted in Figure 3.9(a),
both for the simulated zeroth-order transmittance, T0,sim as well as the combined
transmittance from all transmitted orders, Tall,sim, using a parabolic structured grat-
ing model (h = 1 µm, p = 1.3 µm). Note, that the simulation depicts a high total
transmittance beyond the point where the conditions for zeroth-order transmission is
no longer up-held. This is due to the majority of the light now being transmitted as
higher order transmittance, and we can use this to verify whether the experimental
measurement is based on capturing just the zeroth-order transmittance, as this would
be revealed by the non-existence of a drop in the measured transmittance.

If, however, we want to take the contributions from internal reflections into ac-
count, the transmittance must be calculated using Equation (2.7) given by

Twin (R1, R2) =
(1−R1) (1−R2)

1−R1R2
⇒

Twin (Rsim, R2) =
(1−Rsim) (1−R2)

1−RsimR2

where R2 is again the baseline reflectance of the blank interface given by Equa-
tion (2.3). Using the same example of a parabolic grating as before, the result
from this calculation is plotted in Figure 3.9(b), using the simulated zeroth-order
transmittance only. Comparing Figure 3.9(a) with Figure 3.9(b) it is clear that the
contributions from internal reflection are important for the accuracy of the model.

The previous two simulation models assume that the transmittance before struc-
turing can be described by an analytical model. However, this model does not take
absorption by the material into account, and while it is relatively small in small sized
samples (the absorption coefficient is ∼0.01 cm−1 in AMTIR-2 [34]), it still counts
towards the measured transmittance. We can therefore make our simulation more
accurate by including material absorption in the calculations. If we assume that the
absorption remains unchanged before and after structuring, we can use the measured
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transmittance of a blank window sample (the reference), Tref, and subtract it from
the analytical model (Equation (2.8)) to get an estimate of the absorption in the
material, Amat, and subsequently subtract it from the simulated transmittance:

Tsim = Twin (Rsim, R2)−Amat ⇒

Tsim = Twin (Rsim, R2)− (Twin(R,R)− Tref) (3.1)

The result of this calculation is plotted in Figure 3.9(c), using the simulated zeroth-
order transmittance. Note, that this model does not take into account that the
contribution from absorption in the optical material decreases slightly as reflection
is reduced on the structured interface, since less light is able to bounce between the
interfaces, leading to less absorption in the material.

3.5 Modelling Higher Packing Densities

(a) f = 0.6833. (b) f ≈ 0.9069. (c) f ≈ 0.95.

Figure 3.10: Top down and side view of a hexagonal lattice grating model at three different
packing densities.

The packing density limit imposed by GD-Calc is f . 0.68 due to the way it
models hexagonal lattice gratings with rounded bases. However, by shortening or
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removing blocks which overlap with adjacent stripes, this limitation can be bypassed
at the cost of having a less accurate model near the base of the structure. In the
example given in Figure 3.10(a), the packing density is at its limit of f ≈ 0.6833, as
the two red lines indicate where the stripe ends and the next begins. Thus, it is clear
that the base of the structure is as large as it can get without crossing the red lines.
However, by removing those parts of the modelled structure which conflict with this
modelling requirement, as shown in Figure 3.10(b) and Figure 3.10(c), we can make
the structure larger and thus model gratings with higher packing densities without
problems. While this solution is not ideal, it was a compromise we had to make in
order to accurately model the type of structure densities we eventually ended up with
experimentally.

3.6 Height and Packing Density
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Figure 3.11: Plots of the simulated zeroth-order transmittance (unpolarized, θi = 0 and ϕ = 0)
through an As2Se3 window (Equation (2.7)) with one of the two surfaces structured
with a parabolic profile grating (L = 40, N = 20 and m = 6) with (a) different
sized structure heights (with p = 1.3 µm and f = 0.68) and (b) different packing
densities (with p = 1.3µm and h = 2.0 µm). The spectral ranges 3.5–4.5 µm (band
#1) and 6–8µm (band #2) are highlighted as the two grey zones.

While maps of the simulated transmittance as function of period and height pro-
vides insight into what dimensions yield the most optimal antireflective properties
at a single wavelength, it does not present the full picture, since it does not show
how the structure behaves outside this particular wavelength. Therefore, in this sec-
tion we model different parabolic structure gratings and compute the zeroth-order
transmittance as function of wavelength, in order to establish a general trend.
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In Figure 3.11(a) the simulated zeroth-order transmittance through a structured
window for three different heights is shown, demonstrating a correlation between
the moth-eye structure height and its antireflective bandwidth. In the first exam-
ple p = 1.3 µm and h = 1.0 µm and thus roughly aligns with the region of struc-
tural dimensions that produced low reflectance at λ = 4µm, shown in Figure 3.4(f).
As predicted by the map, the optimum antireflective performance of this moth-eye
structure occurs between 3.5–4.5 (Spectral band #1). Note, however, that due to
its relatively small structure height, the antireflective bandwidth produced by this
moth-eye structure is quite narrow and barely manages to cover the 3.5–4.5 spectral
range. In the second example p = 1.3 µm and h = 2.0 µm and thus roughly aligns
with the region of structural dimensions that produced low reflectance at λ = 7 µm
(shown in Figure 3.7(b)). Likewise, as predicted by the map, the optimum antireflec-
tive performance of this moth-eye structure occurs between 6–8µm (Spectral band
#2). However, this time, since the structure is significantly taller, a much broader
antireflective spectrum is also achieved.

In Figure 3.11(b), the simulated zeroth-order transmittance through a parabolic
structured window is given for three different packing densities. The figure clearly
shows a correlation between structure packing density and the overall transmittance,
with higher transmittances being achieved at higher densities. This is due to higher
packing densities leading to improved index gradients with a smaller index contrast
as we briefly discussed in the theory chapter.

3.7 Mold Filling

3 4 5 6 7 8
Wavelength, (µm)

90

92

94

96

98

100

T
 (

%
)

100% 85% 75% 65%

Figure 3.12: Plot of the simulated zeroth-order transmittance as function of wavelength for four
different mold cavity filling percentages.

One of the major challenges with nanoimprinting has always been to achieve com-



3.7 Mold Filling 45

plete replication of the structures, especially when those structures are high aspect
ratio [44, 45]. It is therefore not an unlikely scenario that we could end up with slightly
truncated structures due to suboptimal replication conditions. To better understand
the potential impact of such a scenario, we briefly investigated what happens to the
zeroth-order transmittance at different degrees of replicatio,n by simulating the op-
tical properties of gratings with 65%, 75%, 85%, 100% filling of the mold structure
height, which is given in Figure 3.12. Fortunately, the figure shows that missing just
the tip of the structures (from 100% down to 85%), has almost no impact on peak effi-
ciency nor its location, but it does have a small impact on bandwidth as this appears
to recede slightly. At mold fills > 85%, we start to see the antireflective properties
suffer substantially, with both the peak efficiency and bandwidth decreasing rapidly
while shifting towards lower wavelengths. It should be noted that this observed be-
havior is based on a model with an aspect ratio around 1 and may therefore not apply
to structures with higher aspect ratios.
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CHAPTER 4
Materials and Methods

In this chapter we present a study of the material and methods used in the fabrication
and nanoimprinting of antireflective moth-eye structures on chalcogenide glass win-
dows as well as how the nanoimprinted samples were characterized in a step-by-step
fashion. The content is based on the following published work:

Direct nanoimprinting of moth-eye structures in chalcogenide glass for
broadband antireflection in the mid-infrared
Mikkel R. Lotz, Christian R. Petersen, Christos Markos, Ole Bang, Mogens H. Jakobsen, and
Rafael Taboryski, Optica 5, 557-563, (2018). DOI: 10.1364/OPTICA.5.000557

4.1 Mid-infrared Transparent Materials
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Figure 4.1: Diagram of the transparency window landscape for several common IR optical ma-
terials. Source: [46].

https://www.osapublishing.org/optica/abstract.cfm?uri=optica-5-5-557
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While there are many optical materials available that are transparent to visible
radiation, most of these optical materials, such as N-BK7 and fused silica, are unfor-
tunately opaque in the mid-infrared spectrum, as shown in Figure 4.1. Other optical
materials such as potassium bromide and sodium chloride, while exhibiting excellent
transmission both in the visible and in the mid-infrared, are water soluble if left un-
coated, thus reducing their practical applications significantly. They are, however,
still used as planar windows in systems such as Fourier transform infrared (FTIR)
spectrometers due to their extremely wide transparency windows. Silicon (Si) is both
cheap and durable, however, it has a relatively high refractive index of n = 3.425

(4µm) and has a fairly narrow high transparency window in the mid-infrared from
1.2–9µm [47]. Likewise, germanium (Ge) also has an extremely high refractive in-
dex of n = 4.0243 (4µm) and a transparency window extending from 2–15µm [47].
While expensive, Ge is fairly durable and accepts a high polish, and most impor-
tantly, exhibits low dispersion. Thus it is frequently used for rugged thermal imaging
applications as it does not require ’color correction’ [48]. However, it does require
the optical element to be treated with an antireflective coating, since it suffers sub-
stantial Frensel reflection losses of ∼36% per interface. Another major disadvantage
of using Ge-based optics is that it is susceptible to thermal runaway, meaning it is
highly sensitive to changes in temperature as dn/dT = 396 × 10−6/K, which can
lead to thermal defocusing [46, 48]. Finally, we have the two optical materials, zinc
sulfide (ZnS) and zinc selenide (ZnSe). Like Ge, ZnSe is very expensive compared to
other IR optical materials but offers a lower refractive index of n = 2.433 (4µm) and
a substantially wider transparency window from 0.55–20µm, as well as a very low
absorption coefficient [47, 46]. Therefore, it is a popular optical material for lenses
and windows used in applications such as thermal imaging both in the LWIR as well
as the MWIR. ZnS, on the other hand, is a cheaper alternative to ZnSe, which is also
a harder and more chemically resistant material compared to ZnSe [48]. Although
it has a smaller transparency window extending from 0.37–14µm, it still covers the
primary thermal imaging regions (MWIR and LWIR) and thus is often used in similar
thermal imaging applications as ZnSe.

Chalcogenide Glass

Chalcogenide glass is the group of IR transparent glasses containing one or more ele-
ments from the chalcogen group (group 16) in the periodic table [50]. These elements
include sulphur, selenium and tellurium, which when synthesized together with ele-
ments such as arsenic (As), Ge and antimony (Sb) forms covalent bonds resulting
in stable amorphous networks [51]. Like silica (SiO2), chalcogenide is categorized as
a glass-type material and thus exhibits a glass transition at elevated temperatures
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Figure 4.2: Plot of the relative transmittance for a variety of infrared transparent glasses, includ-
ing sulphide, selenide and telluride-based chalcogenide glass compositions. Source:
[49].

ranging between ∼100–370 ◦C, depending on the glass composition [50]. This makes
chalcogenide especially desirable for the manufacturing of mid-infrared optical fibers
[52, 49, 53] as well as IR optics, where it is compatible with low-cost replicative tech-
niques such as nanoimprinting [30, 54] or precision glass molding [55, 31, 56]. This
has not been possible with other IR optical materials such as Ge, Si, ZnS and ZnSe,
due to their crystalline nature, hence why optical elements made by these materi-
als must instead be machined using single-point diamond turning [57, 58], which is
incompatible with high-volume applications [55].

As shown in Figure 4.2, SiO2, which is widely used in fiber-optic telecommuni-
cation systems, has a low refractive index of about 1.45 (at 1µm), however it only
manages to remain transparent up to ∼4 µm, which is why it cannot be used for
mid-infrared optical applications. ZBLAN (ZrF4�BaF2�LaF3�AlF3-NaF) is a commer-
cial fluoride-based fiber-optic material [59] with some applications in the mid-infrared
due to its relatively low refractive index and wide transparency window extending to
up ∼5 µm. However, the two binary chalcogenide glass compositions arsenic-trisulfide
(As2S3) and arsenic-triselenide are highly transparent from 0.7–8µm and 1–12µm [60,
34]. As2Se3 has a slightly higher refractive index of ∼2.78 (at 6µm), compared to
∼2.4 (at 6µm) in As2S3, leading to larger Fresnel losses, as illustrated by Figure 4.2.
Due to its generally high linear refractive index, chalcogenide also has a high nonlin-
ear refractive index, which is ∼1000 times larger than that of SiO2 [51]. This is what
enables chalcogenide glass-based optical fibers to be highly proficient at generating
supercontinuum light [13, 12].
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AMTIR-2 Samples
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Figure 4.3: (a) Photograph of the double side polished AMTIR-2 window. Source: [61]. (b)
Plot of the transmission spectrum of AMTIR-2 (obtained by FT-IR spectrometry).

Double side polished, untreated bulk chalcogenide glass samples (windows) with
a stoichiometric chemical composition of As2Se3 (AMTIR-2, Amorphous material
transmitting IR) were purchased from Amorphous Materials Inc., USA. The samples,
shown in Figure 4.3(a), measured 25.4mm in diameter and 2mm in thickness, giving
us a sufficiently large area to test our antireflective imprint on as well as enough
rigidity to not fracture too easily during nanoimprinting. The complete transmission
window for the AMTIR-2 samples is given in Figure 4.3(b), which was obtained using
an FTIR spectrometer setup described later in this chapter. As the spectrum demon-
strates, AMTIR-2 or As2Se3 glass is highly transparent from 1–12µm. However, one
of the characteristic features of AMTIR-2 is the presences of a small absorption peak
at 4.6µm, which correspond to absorption from Se-H impurities that are inadvertently
introduced to the glass during synthesis. Furthermore, AMTIR-2 has a slightly higher
selenium content compared to stoichiometric As2Se3, which has the effect of lower-
ing the glass transition temperature [56]. This might explain why AMTIR-2 has
a reported glass transition temperature Tg = 167 ◦C, while other manufacturers of
similar As2Se3 glass, such as Vitron (IG-6) and Schott (IRG-26) both report a glass
transition temperature of 185 ◦C. These temperature values are fortunately within
the range of temperatures accessible to us via our custom-built nanoimprinting setup,
which we present later in this chapter.

A combined list of the relevant material properties for AMTIR-2 is given in Ta-
ble 4.4. Note, that the expansion coefficient for AMTIR-2 is relatively close to that
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of aluminium, which has an expansion coefficient of 23×10−6/◦C, making aluminium
an excellent choice as mold material, since the two expand and contract to a similar
degree when exposed to different temperatures during nanoimprint [56]).

Table 4.4: List of relevant material properties and chemical dura-
bility of AMTIR-2 provided by the product data sheet
[34].

Material property: Value:
Glass Composition: 40% As, 60% Se
Density: 4.66 g/cm3

Expansion Coefficient: 22.4× 10−6 /◦C
Glass Transition Temperature (Tg): 167 ◦C
Softening Point: 188 ◦C
Thermal Conductivity: 0.24W/(mK)
Knoop Hardness: 110
Young’s Modulus: 5.6× 106 lbs/in2
Shear Modulus: 1.03× 106 lbs/in2
Tensile Strenght: 1440 lbs/in2
Compressive Strength: 8800 lbs/in2
Poisson ratio: 0.297

Chemical Durability: Weight Loss1:
C2H6O (Ethyl alcohol): 0.0 g
H2O (25 ◦C, 90 ◦C): 0.0 g
NH4OH (2%, 60 ◦C): 0.01 g
KOH (2%, 60 ◦C): 0.032 g
HCl, HNO3, H2SO4 (60 ◦C): 0.0 g
1 Over a 4 hour duration.
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4.2 The Mold Fabrication Process

The fabrication and characterization of the molding tools were carried out at the
state-of-the-art facilities at DTU Nanolab, which is a class 10–100 cleanroom. Further
details regarding the recipes used, can be found in the process flow document found
in the Appendix (Section A.1).

2 µm1 µm1 µm

1

  

Plasma

O2
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+
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+
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3 4 5 62

Figure 4.5: Cartoon of the mold fabrication process flow. 1. Spin-coating, 2. Deep-UV lithog-
raphy, 3. Dry-etching, 4. Oxygen plasma ashing, 5. Ni-electroforming, 6. KOH wet
etching. The SEM images were taken post lithography, post oxygen plasma ashing
and post KOH etching. Source: [62]

The mold fabrication process can be divided into eight steps, six of which are
illustrated in the cartoon shown in Figure 4.5. These processing steps include deep-
ultraviolet lithography (step 1–2), pattern transfer to silicon (step 3–4), forming of
the nickel mold (step 5–6) and anti-stiction coating and laser dicing (step 7–8). In
the next few subsections we will go through each of the steps involved in the making
of a silicon master stamp and subsequently converting it into a diced nickel-based
mold, also known as a nickel shim, which we can use to directly nanoimprint our
chalcogenide glass samples.
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Step 1–2: Deep-ultraviolet Lithography

Mold fabrication began by spin-coating a 65-nm layer of bottom anti-reflective coating
(BARC, DUV 42S-6, Brewer Science®, USA) at 4700 rpm followed by a 1000-nm
layer of deep-UV sensitive photoresist (KrF M35G, JSR Micro, Japan), denoted t,
onto a single-side polished 6’’ silicon <100> wafer. The BARC was soft-baked for 60
seconds at 175 ◦C, while the DUV resist was soft-backed for 90 seconds at 130 ◦C. The
purpose of the BARC layer is to prevent additional exposure by back-reflection from
the Si substrate. After spin-coating, the wafers were exposed to a reticle pattern
on a Stepper machine (FPA-3000 EX4, Canon, Japan), fitted with a KrF Eximer
laser (248nm, Cymer, USA). The wafers were then baked for 90 seconds at 130 ◦C
and developed in 2.38 wt% tetramethylammonium hydroxide solution (AZ® 726 MIF,
MicroChemicals GmbH, Germany) for 60 seconds.

Reticle Designs

The reticle contains the master patterns which ultimately determines which areas
of the resist are exposed to UV radiation. Therefore, in order to support multiple
pattern options, each of the four quadrants of the reticle was dedicated to a specific
masking pattern, as shown in Figure 4.7(a): Small posts (SP, top left), large posts (LP,
top right), pyramids (PYR, bottom left) and inverted posts (INV, bottom right). The
masking design for the SP and LP patterns, shown in Figure 4.7(b) and Figure 4.7(c),
are hexagon shaped masking features arranged in a hexagonal lattice, meanwhile the
INV patterns are essentially the same except that the masking features are inverted.
The SP and LP patterns are therefore designed to create an hexagonal array of posts,
when a positive tone photoresist is used, while the INV pattern is designed to create
the same hexagonal pattern, when a negative tone photoresist is used. The pyramid
design is slightly different, as it contains square masking holes arranged in a square
lattice. The intention behind the PYR pattern was to use it to create pyramid
structures using the KOH etching process briefly described in the previous chapter.
However, due to its poor simulated performance, this masking pattern was never put
to use.

To have the option of changing the period of each of the patterns, each quadrant
contains a 4×4 grid of pattern squares with slightly differently variations in period,
indicated in Figure 4.7 by the value (in µm) in each square. The SP and LP patterns
maintain the same size of its hexagonal masking feature, meaning the gap between
features changes with the period of the pattern. In the INV pattern, the same gap of
200nm is maintained across all periods. Note, that 160nm is the reported minimum
feature size obtainable on the Stepper machine. A list of the dimensions of all the
patterns available on the reticle is given in Table 4.6.
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Table 4.6: List of the four reticle design dimensions.

Period, p (nm): Width, d (nm): Gap, g (nm):
SP 600–1600 260 (3001) 340-1340
LP 700–1700 520 (6001) 230–1180
PYR 500–1600 300–1400 200
INV 500–1500 300–1300 200

1 Widest part on the hexagon.
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Figure 4.7: (a) The deep-UV reticle layout. Due to projection, the reticle dimensions are de-
signed to be five times larger than the dimensions on the wafer. (b) The small
post masking design. (c) The large post masking design. (d) The pyramid masking
design. (e) The inverted post masking design.
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Dose Testing

800 nm

(a) D = 160 J/m2.

800 nm
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(e) D = 180 J/m2.
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800 nm

(g) D = 160 J/m2.

800 nm

(h) D = 180 J/m2.
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Figure 4.8: SEM characterization of LP patterns in positive resist (t = 1000 nm) at different
dosages. (a–c) p = 0.9 µm. (d–f) p = 1.0 µm. (g–i) p = 1.3µm.

Beside the dimensions of the masking pattern, the dosage given during exposure
is also highly important. If a pattern is given too little or too high a dosage, known
as underexposure and overexposure, it can significantly alter the shape and size of
individual features. Therefore, when a new reticle is used, it is common practice to
conduct a dose test to examine what doses yield the desired outcome. We therefore
set out to determine this by applying different doses to the different designs, with the
results for the LP and INV patterns included in this section.

To gauge an adequate exposure dose for the LP-patterns, the dosage (D) was
increased from 120 J/m2 to 600 J/m2 in incremental steps of 20 J/m2. The results at
three different dosages (D = 160 J/m2, D = 180 J/m2, D = 280 J/m2) are shown in
Figure 4.8 for three different pattern pitches (p = 0.9µm, p = 1.0µm and p = 1.3 µm).
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1000 nm

(a) D = 120 J/m2.

1000 nm

(b) D = 180 J/m2.

1000 nm

(c) D = 260 J/m2.
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(d) D = 120 J/m2.
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(e) D = 180 J/m2.
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1000 nm
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Figure 4.9: SEM characterization of INV patterns in negative resist (t = 900 nm) at different
dosages. (a–c) p = 1.3 µm. (d–f) p = 1.0 µm. (g) Underexposed (p = 0.5 µm). (h)
Ideal exposure (p = 1.5 µm). (i) Overexposed (p = 1.5 µm).

Likewise, to gauge an adequate exposure dose for the INV-patterns, the same dose
test was conducted, the results of which are shown in Figure 4.8 for two different
pattern pitches (p = 1.4µm and p = 1.0µm) and at three different dosage levels
(D = 120 J/m2, D = 180 J/m2, D = 260 J/m2). Also shown in Figure 4.9, are
examples of underexposed (Figure 4.9(g)), overexposed (Figure 4.9(i)) and ideally
exposed patterns (Figure 4.9(h)) based on the INV masking design.

We opted to go with a dose setting of D = 180 J/m2 for the LP-patterns, as this
appeared to produce slightly underexpose features with a small taper near the base,
which helps promote the transfer of more tapered structures to the Si substrate. In
case of the required expose dose for the INV-patterns, we found a strong dependency
on the pattern period. However, between p = 0.9–1.5 µm, a dose ranging between
180 J/m2 and 260 J/m2 seemed to produce adequately resolved patterns.
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Step 3–4: Pattern Transfer to Silicon

The transformation from a two-dimensional pattern in photoresist to a 2.5-dimensional
surface structure array in silicon was achieved by way of dry-etching, utilizing the
decreasing size of the resist posts as a dynamically changing ’etch mask’. To do
this, the wafers were placed in an inductively coupled plasma reactive ion etching
machine (ICP Metal Etcher, SPTS, England), where the wafers were dry-etched us-
ing a hydrogen bromide (HBr) and boron tri-chloride (BCl3) gas etchant mixture
(15 sccm:5 sccm). The processing conditions used combined with the HBr and BCl3
gas mixture resulted in a dry-etching process primarily dominated by physical etching
characteristics rather than chemical ones, resulting in the transfer of more rounded
structures to silicon substrate. The rounding effect is crucial to the fabrication of
tapered moth-eye structures as the resist features produced by the deep-UV lithogra-
phy are relatively square-edged. However, this is achieved at the expense of a lower
selectivity between the etch mask and the substrate, which was estimated to be ap-
proximately 1:0.5 (Si:resist). After transferring the patterns to the silicon substrate,
the wafers were placed in an oxygen plasma ashing machine (Plasma Asher, 300 Semi-
Auto Plasma system, TePla) and cleaned for approximately 15 minutes to remove any
residual photoresist, at which point the processed wafer is commonly referred to as a
master template.

Using the LP patterns as our etch mask, shown in Figure 4.10, we see clear
evidence that the dry-etching process is limited by aspect ratio dependent etching
transport [63, 64], since the etch depth at different pattern periods are widely different,
despite having identical etching durations. This is because different pattern periods
were designed with different sized gaps between structures, listed as g in Table 4.6.
However, this ends up in our favour as it lets us produce different sized moth-eye
structures with slightly different aspect ratios. The transferred structures by the INV
patterns were also investigated, but the results were much less encouraging, as shown
in Figure 4.11. While the packing density of the resist is higher in the INV patterns
compared to the LP patterns, which ideally should be better, it is clear that the
rounding of the structures during etching is not satisfactory. It is also clear that the
etch rate is significantly decreased due to narrower gaps between structures (aspect
ratio dependent etching). Based on these results, we decided to continue our work
using the LP patterns. This is not to say the INV patterns could not have worked
with some added tweaking of the lithography and etching process, however, this is
left open for another project to solve.
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Figure 4.10: SEM images of the structures transferred to the silicon substrate using the LP
patterns (t = 1000 nm, D = 180 J/m2) with periods ranging between 0.90 µm to
1.30µm.

600 nm

(a) D = 120 J/m2.

1000 nm

(b) D = 180 J/m2.

Figure 4.11: SEM images of examples of poor tapering on the structures transferred to the
silicon substrate using the INV based patterns (t = 900 nm). (a) p = 0.95 µm. (b)
p = 1.50 µm.
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Stitching Error

One of the main features of the deep-UV stepper is its ability to step-and-repeat a
particular lithography pattern. By designing the pattern so that a relatively seamless
transition is achieved when placed adjacent to itself, one can use the step-and-repeat
technique to replicate arbitrarily large areas of the same patterns, despite only oc-
cupying a very small area on the reticle itself. This technique is known as stitching.
However, achieving a seamless transition between two exposed areas requires a great
deal of planning and optimization of the reticle design and the lithography process it-
self, and despite attempts we did not fully achieve this as shown in the example given
in Figure 4.12, showing the typical stitching errors seen in the silicon substrate after
pattern transfer. The frequency of these stitching errors in comparison to the rest of
the pattern is negligible and therefore have no influence on the optical properties of
the subsequently imprinted antireflective moth-eye structures.

1000 nm

Figure 4.12: SEM image of the stitching error seen in the LP pattern with p = 0.90 µm.

Step 5–6: Forming the Mold

Silicon wafers are fairly rigid due to their crystalline nature and are often used as
stamps in nanoimprinting experiments where rigidity of the tool is desired. However,
because of its crystalline structure, Si-based stamping tools are more prone to frac-
turing, as they are unable to exhibit plastic deformation in the event that a particle
is trapped between the mold and the malleable material. Therefore, instead of silicon,
another material such as nickel, which is hard but still able to exhibit plastic defor-
mation, is more popular as mold material, as these tend to hold their surface textures
well and are are able to bend without the risk of fracturing. To form such a Ni mold
from our Si master, we first sputtered a 85-nm layer of nickel-vanadium (NiV) onto
the patterned wafer surface (CMS-18, Kurt J. Lesker Company©, USA), forming a
seed-layer, from which we then grew an additional 330 �m of nickel via electroforming
(Microform.200, Technotrans AG, Germany). To separate the newly electroformed
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part from the Si master, we submerged the wafer in a 28 wt% potassium hydroxide
(KOH) solution (at 80 ◦C) for approximately 9 hours dissolving the Si master com-
pletely. At this stage in fabrication we essentially have a 6’’ Ni mold with a negative
surface relief of the moth-eye structures we intent to replicate onto our chalcogenide
glass.

1000 nm

(a) p = 0.90 µm.

1000 nm

(b) p = 1.00 µm.

1000 nm

(c) p = 1.10 µm.

Figure 4.13: SEM images of three Ni-molds fabricated using three different LP patterns. (a)
p = 0.90 µm. (b) p = 1.00 µm. (c) p = 1.10 µm.

Step 7–8: Anti-Stiction Coating and Laser Dicing

In order to promote better release during nanoimprinting, the Ni-mold is coated with
Perfluorodecyltrichlorosilane (FDTS) via a molecular vapor deposition process (MVD
100, Applied Microstructures, USA). As a self-assembled monolayer, FDTS covalently
bonds to surfaces with hydroxyl groups (-OH). Therefore, before coating the surface
with FDTS, a 20-nm layer of aluminium oxide (Al2O3) is deposited on the mold
surface using atomic layer deposition (R-200 Standard ALD, Picosun, Finland) to
improve adhesion of the FDTS coating. It has been speculated that this precautionary
step to ensure adhesion might not be necessary, and skipping it could potentially
lead to some optical improvements, as the mold structure would essentially become
40nm wider and 20nm deeper. However, this hypothesis was never tested. It has
previously been demonstrated by injection molding experiments, that FDTS coatings
such as this can withstand in excess of 200 mold cycles at molding temperatures
of at least 340 ◦C [65, 66]. Compared to our nanoimprinting setup, these are very
harsh processing conditions, and we therefore have no concerns with regards to the
wear stability of the coating in our own experiments. As the final step, the mold
was diced into manageable pieces using a 50 W picosecond industrial laser cutting
tool (microSTRUCT vario, 3D-Micromac AG, Germany). To avoid getting dust from
the laser cutting process on the mold surface, we covered the mold with gecko tape
leaving just space enough to let the laser beam free access to cut the mold surface.
An example of how the final Ni mold piece looks like is shown in Figure 4.14.
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1 cm

Figure 4.14: Photograph of a laser diced Ni mold ready to be used in our direct thermal nanoim-
printing setup. Source: [62]

4.3 Direct Thermal Nanoimprinting
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Figure 4.15: Cartoon of the direct thermal nanoimprinting process.

As illustrated in the cartoon shown in Figure 4.15, direct thermal nanoimprint-
ing is different from other nanoimprinting techniques, as it does not require resist
in order to transfer a pattern to the device surface. Instead it relies on the device
material itself, in this case chalcogenide glass, to be malleable enough for it to accept
an imprint by direct contact with a molding tool, hence why it is referred to as ’direct’
nanoimprinting. Thermal nanoimprinting achieves this by heating the chalcogenide
glass well above its glass transition temperature, Tg, at which point the material
transitions into a viscous state. For AMTIR-2 this happens around 167 ◦C (given in
Table 4.4), and we therefore heat the chalcogenide glass above this temperature to
210 ◦C over a period of 10 minutes. At this temperature, the viscosity of the glass
is ∼108 Pa · s [67, 68], meanwhile the typical range for As2Se3 glass-rod necking and
fiber-drawing is between 106–108 Pa · s [69]. This allows the AMTIR-2 sample to
be imprinted with a surface structure by the nanoimprinting tool, which takes place
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by increasing the applied force, Fimp, up to ∼600N 120N/cm2 over the span of 10
minutes, and this is subsequently maintained for another 10 minutes. The sample is
then cooled down by heat dissipation below the glass transition temperature of the
glass to 150 ◦C, at which point the pressure is released. In regards to the stability
of the chalcogenide glass at such elevated temperatures, similar studies on glass sam-
ples with the same stoichiometric composition (As2Se3) have reported no observable
changes to the composition after nanoimprinting (hot-pressing) at a temperature of
215 ◦C [70].

The Nanoimprinting Setup
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Figure 4.16: (a) Phograph of the custom-built nanoimprint setup (Source: [61]). (b) Cross-
sectional sketch of the sample assembly (Source: [71])

The setup used to carry out our nanoimprinting experiments is shown in Fig-
ure 4.16(a). It is a custom-built steel-frame setup comprised of a mechanical press in
the form of a linear actuator (Parallel Plate Linear Actuator, Ultra Motion, USA),
driven by an electric DC motor (GM9413-4 Lo-Cog® DC Gearmotor, Pittman Ame-
tek, USA) and a hotplate controlled by a temperature controller (ELK, Ero Electronic,
Italy). A load cell (SLB-250, Transducer Techniques, USA) embedded in the head of
the press allowed a LabView-based program (LabView, National Instruments, USA)
to monitor the pressure applied by the piston, while the temperature was monitored
via the temperature controller which was also connected to the program. Therefore,
the setup was able to monitor and log both temperature and pressure simultaneously
as function of time, which made optimizing the nanoimprinting process much easier.
The movement of the linear actuator is also controlled manually via the LabView
program, and the speed of the movement is adjusted by supplying different voltages
to the DC motor. An acrylic dome was fabricated and mounted on the press head as
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shown in the Figure 4.16(a), allowing inert nitrogen gas (N2) to be used to displace
any moisture or oxygen present in the system both before, during and after nanoim-
printing. This is highly important as there is still a risk of releasing toxic arsenic gas
during the nanoimprinting process due to the heat treatment that takes place. This
is also the reason why the nanoimprinting process takes place in a fume hood.

As illustrated in the cross-sectional sketch of the nanoimprint setup, shown in Fig-
ure 4.16, in order to prevent the chalcogenide glass samples from deforming during the
nanoimprinting process, two aluminium rings with an internal diameter of 25.5mm
(0.1mm larger than the glass samples), were designed in Autodesk Inventor Profes-
sional 2017 (schematic is shown in Figure 4.17(a)) and fabricated at DTU Nanolab’s
milling lab. An aluminium base plate was also designed (schematic is shown in Fig-
ure 4.17(b)) and fabricated in an attempt to isolate the hotplate from the steel-frame,
reducing the amount of heat dissipating into the frame. To further isolate and sta-
bilize the temperature near the sample, the aluminium rings were covered by a ring
of Polydimethylsiloxane (PDMS), reducing the amount of cooling by convection from
the constant flow of N2 entering the dome. Finally, to ensure that the backside of the
sample remained as pristine as possible, a sapphire window (WG31050, Thorlabs inc.,
USA) was used to transfer the pressure of the press to the chalcogenide glass sample.
While this was a very unconventional way of using the sapphire window, its high
polished surfaces, correct dimensions (2.54mm in diameter) and exceptional surface
hardness capable of handling the pressure of the press, offered a simple solution to
our problem an showed no signs of degradation. However, we did end up using a
silicone rubber pad between the sapphire window and the press to reduce the risk of
damaging the window and to give some flexibility to the sample assembly.

25.5 mm

35 mm3 mm

25.5 mm

35 mm3 mm

(a) (b)

Figure 4.17: Schematics of the machined aluminium (a) ring design and (b) base plate design
for the heater.
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4.4 Characterization methods

Scanning Electron Microscopy

Since chalcogenide glasses are essentially bandgap semiconductors with energy gaps of
up to 3 eV [50, 72], the imprinted structures on the surface of our chalcogenide glass
samples can be characterized using Scanning Electron Microscopy (SEM), without
the need for a conductive layer to be deposited beforehand. However, due to its
thickness and fragility, the best way to secure the glass sample to the SEM stage
without damaging the sample is to use conductive double side adhesive carbon tape.

Atomic Force Microscopy
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Figure 4.18: (a) Plot of the measured height in two AFM line-scans using two different scanning
probes. (b) SEM image of the ’AR5T-NCHR’ scanning probe used to scan the
nanoimprinted surface structures.

While SEM is excellent for rapid characterization of surface structures, the method
lacks when comes to extracting the physical dimensions of 2.5-dimensional structures.
The only practical way this can be obtained with SEM is by cleaving the sample in
half and subsequently view it from the side (90◦ tilt). However, due to the toxicity of
the ChG samples and it being a destructive approach, we opted to use tapping mode
Atomic Force Microscopy (AFM) instead.

In samples such as ours, which contains steep sidewall angles and high aspect ratio
features, specifically designed AFM tips must to used in order to resolve the surface
accurately. In Figure 4.18(a) is an example of two height profiles extracted from two
AFM maps located in Appendix (Section B.1). The red profile was measured with
a standard AFM scanning probe (Tap300DLC, BudgetSensors, Bulgaria), while the
blue profile was measured with a tilt compensated high aspect ratio scanning probe
(AR5T-NCHR, NanosensorsTM, Switzerland). It is clear that the standard AFM
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probe introduces extreme tip convolution and thus is unable to provide an accurate
measurement of the moth-eye structure profile. The high aspect ratio scanning probe,
on the other hand, with its specifically designed ”needle”-like AFM tip, shown in
Figure 4.18(b), is able to go into the trenches and thus follow the contours of the
surface structure more closely, providing a more accurate and complete moth-eye
profile.

Fourier Transform Infrared Spectroscopy
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Figure 4.19: (a) Photograph of the FTIR spectrometer setup. (b) Plots of the AMTIR-2 blank
window transmittance at different angles of incidence, as measured by the FTIR
setup. The dashed black line is the analytical model for the transmittance of an
AMTIR-2 slab (window).

The transmittance of the blank and nanoimprinted samples are characterized using
a commercial Fourier Transform Infrared (FTIR) spectrometer (Spectrum 100 FT-
IR, PerkinElmer, USA). The setup, shown in Figure 4.19, is configured to measure
the transmission through the sample and is able to quantify the transmittance by
comparing the measurement with a reference measurement without a sample present
(background measurement). Since the setup is static, with the beam entering the
sample compartment from the window on the right and existing through the window
on the left, we used a rotating sample holder to measure the transmittance at different
angles of incidence.

To verify the setup, we compared the analytical model for the transmittance of
a slab sample, given by Equation (2.8), with the measured transmittance of a blank
AMTIR-2 sample. To our surprise we discovered a significant discrepancy between
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the analytical model and the measurement, with the measured transmittance spec-
trum being considerably higher and irregular in shape. Measuring the transmittance
at different angles of incidence revealed a systematic error in the measurements done
at θi < 6◦, which is clearly demonstrated in Figure 4.19(b). We believe the error
is due to specular reflections from the sample re-entering the spectrometer causing
stray light interference. Fortunately, excellent agreement between the measured and
analytical model was observed at θi ≥ 6◦, suggesting that the specular reflections are
no longer interfering with the measurement at higher angles. Therefore, normal inci-
dence measurements were instead conducted at 6◦, which should yield approximately
the same result.



CHAPTER 5
Direct Nanoimprinting
of Moth-eye Structures

In this chapter we present a study on the first iteration (1st generation) of broadband
antireflective moth-eye structures as they are nanoimprinted directly on the surface
of bulk chalcogenide glass windows (AMTIR-2) using the fabricated Ni molds and
custom-built nanoimprinting setup described in the previous chapter. The antireflec-
tive performance of the moth-eye structures is then summarized and evaluated in
relation to the scope of the thesis.

5.1 Background

The nanoimprinted moth-eye structures consist of tall densely packed features and
it is therefore much easier to acquire the structure profile by mapping the inverted
structures located on the mold, keeping in mind that holes will appear narrower
while protrusions appear broader than they actually are due to tip-convolution. By
arranging the profiles side-by-side, as shown in Figure 5.1, we can clearly see the
vastly different shapes and sizes of the different fabricated molds and how they get
progressively larger as the pattern period increases, matching the trend observed in
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Figure 5.1: Plot of the measured mold profile for the different patterns fabricated (1st genera-
tion).
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Figure 5.2: Maps of the simulated zeroth-order transmittance of unpolarized light, at normal
incidence, through the parabolic grating structure model, as function of period and
height at (a) λ = 4 µm and (b) λ = 7 µm. The location the AFM measured mold
dimensions are highlighted with color coded circles in both maps corresponding to
the mold colors given in Figure 5.1.

the etched silicon structures (shown in Figure 4.10). Knowing the mold profile is very
useful to us, as it not only because it helps determine the quality of the replication,
but also because it allows us to model the structure beforehand, giving us a rough
estimate of how it is expected to behave optically once replicated on the ChG surface.
The structure height, extracted from these AFM height profile are summarized in
Table 5.3 and the maps themselves can be found in the Appendix (Section B.2).

While the fabricated molds dont exactly resemble the conical nor the parabolic
structure profiles we were aiming for, the range of pattern periods and structure
heights/depths appears to overlap with the region of dimensions expected to produce
excellent antireflection in the mid-infrared, including within two of the three spectral
bands of interest (Band #1 and #2) as shown in Figure 5.2. According to these
maps we should expect to see the strongest antireflection in the 3.5–4.5 µm spectral
band when using molds #1, #2 and #5, while mold #4 should give us the best
antireflection around the 6–8 µm spectral band. These molds, excluding #5, were
used in a study (paper 1) aiming to demonstrate the capabilities of a direct thermal
nanoimprinting method to replicate antirelfective moth-eye structures in As2Se3.
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Table 5.3: List of the mold dimensions (1st generation) extracted from AFM maps.

Mold/Sample ID: #1 #5 #2 #3 N/A N/A #4 N/A
Period, p (µm): 0.9 0.95 1.0 1.05 1.10 1.15 1.2 1.3
Height, h (µm): 0.99 1.23 1.37 1.63 1.69 1.92 1.94 2.24

5.2 Paper 1 - 1st Generation Moth-eye Structures

This section includes a reprint of the abstract, introduction, results and discussion,
and conclusion from the following published paper:

Direct nanoimprinting of moth-eye structures in chalcogenide glass for
broadband antireflection in the mid-infrared
Mikkel R. Lotz, Christian R. Petersen, Christos Markos, Ole Bang, Mogens H. Jakobsen, and
Rafael Taboryski, Optica 5, 557-563, (2018). DOI: 10.1364/OPTICA.5.000557

The materials and methods section of the paper is not included here, as this has
already been presented in the previous chapter. The supplementary material (Sup-
plement 1) can be found in the Appendix (Section C.1).

Abstract

Fresnel reflection at the boundary between two media of differing refractive indices is
a major contributing factor to the overall loss in mid-infrared optical systems based
on high index materials such as chalcogenide glasses. In this paper, we present a
study of broadband antireflective moth-eye structures directly nanoimprinted on the
surfaces of arsenic triselenide (As2Se3) based optical windows. Using rigorous coupled-
wave analysis, we identify a relief design optimized for high transmittance (< 1% re-
flectance) at 6µm, which when nanoimprinted features a transmittance improvement
(∆T > 12%) in the 5.9–7.3µm spectral range as well as improved omnidirectional
properties. Finally, we demonstrate the adaptability of nanoimprinted surface reliefs
by tailoring the nanostructure pitch and height, achieving both extremely broad-
band antireflective and highly efficient antireflective surface reliefs. The results and
methods presented herein provide an efficient and scalable solution for improving the
transmission of bulk optics, waveguides, and photonic devices in the mid-infrared.

https://www.osapublishing.org/optica/abstract.cfm?uri=optica-5-5-557
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Introduction

The class of amorphous semiconductors belonging to the chalcogenide glass family ex-
hibit exceptional transparency in the mid-IR region due to their low phonon energy
and high optical nonlinearity [73, 51, 74]. Moreover, the relatively low glass transi-
tion temperature allows for precision glass molding of IR optical elements based on
chalcogenide glasses [75, 27, 31]. This has enabled numerous chalcogenide glass based
applications, such as chemical sensing [52, 30], nonlinear optical devices [76, 77], su-
percontinuum generation [78, 12, 79, 80, 81], and thermal imaging [75, 31]. Especially
the ability to cover both atmospheric transparent windows at 3–5µm and 7–14µm as
well as the molecular fingerprint region at 6–20µm has attracted significant attention
to these glasses [82]. However, the relatively high refractive index [70] of chalcogenide
glasses severely impedes the transmission of light across the air-glass interface due to
Fresnel reflection. Attention has therefore been directed towards minimizing Fresnel
losses in applications where coupling efficiencies are crucial [43, 26]. Unfortunately, in
contrast to optical elements in the visible and near-IR range, only a limited number
of materials are chemically and thermo-mechanically compatible with chalcogenide
glass, enabling them to be used as effective antireflective (AR) thin-film coatings
[83, 84]. Furthermore, these materials do not allow the AR properties to be easy
and accurate tailored to suit a specific application, such as nonlinear applications
which benefit the most from having the best possible AR efficiency near a specific
pump wavelength, or sensing and imaging applications which benefits from having an
ultra-broad bandwidth. A completely new concept introduced by low-cost mid-IR su-
percontinuum sources using chalcogenide glasses, is the requirement to use so-called
supercontinuum cascading [13, 85], i.e. using one supercontinuum as a pump to gener-
ate a new supercontinuum in the chalcogenide fiber. This requires one broadband AR
coating on the input facet and another on the output facet of the fiber or waveguide,
which is a very tough technological challenge that does not exist in silica fiber based
supercontinuum sources. To address these shortcomings and technological challenges,
different methods of fabricating moth-eye type surface reliefs have been investigated
[86], with 99% transmittance between 7–12µm (#R2 in Table 5.8), being the best
reported result for an As2Se3 window using the dry-etch fabrication approach [23, 20,
87]. However, a major drawback of using the dry-etch fabrication approach is the need
for resist lithography to be applied directly onto the glass optics to transfer the AR
pattern. A more compelling option would be to use direct thermal nanoimprinting to
fabricate the AR surfaces. This approach is both cost-effective as it does not require
application of resist with subsequent photo-lithography, development, and etching to
be applied on every workpiece and moreover is compatible with recently developed
molding techniques used for shaping chalcogenide glass lenses [31]. Furthermore, di-



5.2 Paper 1 - 1st Generation Moth-eye Structures 71

(b)(a)

h

p

 

79
828282 858585 888888 929292 959595

97 97
97

979797

9797
97

97

98 98
98

989898

98 98 98

98
98

98

99 99 99

99

99
99

99 99 99
99

99
99

99
99

99.8 99.8
99.899.899.8

99.8
99.899.8

99.8

0.5 1 1.5 2 2.5

0.5

1

1.5

2

2.5

3

3.5

H
ei

gh
t,

h
(µ

m
)

T(%)

λ=6 µm

Pitch, p (µm)

Figure 5.4: (a) The RCWA model with truncated ellipsoidal shaped moth-eye structures and
whose protrusion height, h, and pattern pitch, p, have also been defined. (b) The
simulated 0th order transmittance of a single air-As2Se3 interface, at normal in-
cidence and fixed incident wavelength; λ = 6 µm, using the truncated ellipsoidal
protrusion model given in Figure 5.4(a).

rect nanoimprinting has recently been shown to be a promising method for transfer
of AR surface reliefs onto As2S3 based optical fiber end-facets, significantly reduc-
ing coupling losses as well as increasing its laser damage threshold [43, 26]. Despite
this, only a single preliminary study by Macleod et al. [27] has briefly investigated
the transmission properties of direct nanoimprinted bulk As2Se3 glass windows, and
a thorough inquiry into the relationship between fabrication parameters and trans-
mission is therefore lacking in literature, a vital topic that we address here for the
first time. In addition, we demonstrate how a truncated ellipsoidal shaped moth-eye
profile imprinted on bulk As2Se3, leads to state-of-the-art AR surface reliefs both in
terms of bandwidth and AR efficiency.

Optimal Surface Relief Dimensions

A simulation modeling approach was adopted to describe the anticipated transmit-
tance of a variety of nanoimprinted air-As2Se3 interfaces, by utilizing the MATLAB-
based modeling software GD-Calc® (Grating Diffraction Calculator, KJ Innovation,
USA). The model computes the diffraction efficiencies of optical grating structures
based on the rigorous coupled-wave analysis (RCWA) method [39]. The specific op-
tical grating model employed for this study is shown in Figure 5.4(a). The model
consists of a single air-glass interface covered with a hexagonal array of rounded
moth-eye protrusions. The figure also shows the definition of the pattern pitch and
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protrusion height, denoted p and h. We chose to model the moth-eye structures with
an elliptical profile, as this resembles the type of structures that are typically pro-
duced in fabrication. The protruding spheroid is then slightly truncated to resemble
the fabricated moth-eye structure shown in the SEM image in Figure 4.5. The struc-
ture is subsequently stratified, as required by a RCWA based model, resulting in its
sloped sidewalls becoming approximated by a “staircase” design.

Figure 5.4 shows a map of the simulated 0th order transmittance at 6µm and at
normal incidence. By mapping the transmittance as function of p and h two promising
regions in which the modeled surface relief provides a surface reflectance smaller than
one percent are revealed; one for a protrusion height of ∼1.4 µm and the other for a
protrusion height of ∼3 µm. Since large aspect ratio structures are difficult to transfer
successfully with nanoimprinting techniques, the smaller aspect ratio region in the
bottom part of the map is preferable. Hence, the range of p and h that best suit
our needs for antireflection around 6µm (in this example case) is found to be at a
protrusion height of ∼1.4 µm with a pitch between 1 and 1.2µm.

Single-Surface Imprint Transmittance

In Figure 5.5(a), we show a photograph of the As2Se3 windows imprinted with an
AR surface relief, and in Figure 5.5(b), we show a corresponding SEM image of the
moth-eye structure with a pitch size of 1050nm. The SEM image clearly shows that
the moth-eye structures have been successfully transferred onto the glass surface,
and only the tips of the protrusions appear to be slightly truncated. To measure
the height of the moth-eye structure, we recorded the topographic image shown in
Figure 5.5(c) using atomic force microscopy (AFM). The red and blue lines in the
AFM image indicate the two locations used to extract the height profile line scans
given in Figure 5.5(d). The reason the two profiles are slightly different is because
the base of the structure is not flat, but instead has deeper trenches in the direction
of the blue line scan. This feature is difficult to spot in the AFM map shown in
Figure 5.5(c); however, it is much easier to see in the AFM image of the Ni shim,
since this carries the inverted topographic landscape (see Supplement 1). Using the
height profiles shown in Figure 5.5(d), we extract a protrusion height of 1276nm
from the red profile and 1425nm from the blue profile, respectively, resulting in a
median value of 1350.5nm. Note that due to tip convolution, the two AFM profiles
are expected to be slightly wider than in actuality.

Figure 5.5(e) shows the measured blank window and imprinted window 0th or-
der transmittance at 6◦ AOI, together with the analytical blank window 0th order
transmittance and the simulated re-creation of the imprinted window 0th order trans-
mittance using RCWA. Since the measured and analytically calculated blank window
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Figure 5.5: (a) Photograph of the nanoimprinted As2Se3 windows; (b) SEM image of the As2Se3
window surface after imprinting a surface relief with a pitch size of 1050nm, viewed
at 30◦ tilt; (c) AFM image of the surface relief. The red and blue lines indicate the
two locations used to extract two height profiles. (d) The two AFM height profiles
perpendicular to each other across the same protrusion. The red and blue arrows
indicate the points used to extract a protrusion height of 1276nm and 1425nm, re-
spectively. (e) Plot of the measured 0th order transmittance of the nanoimprinted
and blank window, together with the simulated window transmittance, the analyti-
cally calculated blank window transmittance, and the maximum theoretical window
transmittance, all at θi = 6◦. (f) RCWA model used to produce the simulated
transmittance result given in Figure 5.5(e).
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transmittances are in close agreement, it also allows us to accurately state the theo-
retical maximum transmittance attainable by a single surface relief (black line), as it
is derived from the analytically calculated transmittance (see Supplement 1). Com-
paring the measured transmittances of the blank and imprinted windows, a clear AR
effect is achieved from 2.34–14µm and onwards (see Supplement 1 for the complete
spectrum). More importantly, however, the imprinted window exhibits its optimum
efficiency from 6.0–7.0µm, where the measured transmittance of the window is greater
than 76% (up from ∼64%) As the calculated theoretical maximum transmittance is
∼78%, this roughly corresponds to a reflectance smaller than 2% within this window
of optimum efficiency.

A simulation model with a 1050nm pitch and a protrusion height of 1420nm,
which is very close to the 1425nm protrusion height measured by AFM, was used to
re-create the measured result given in Figure 5.5(e). The simulated result fits well
with the measured transmittance of the imprinted window, exhibiting a similar and
expected drop in the 0th order transmittance at λ ≤ 2.92µm (based on the 0th order
grating condition, p < λ/n, where n is the refractive index of the substrate [38]),
which is where the nanoimprinted relief starts to behave like a diffraction grating at
normal incidence, thus explaining the drastic reduction of the 0th order transmittance
at wavelengths below ∼2.92 µm. The observed drop in the measured transmittance
relative to the simulated result near λ ∼ 2.92µm is likely due to imperfections in the
relief, such as defects that cause scattering and that become non-negligible when λ

and p are comparable in size. We captured a minor example of a relief defect in the
AFM image, which had a pattern vacancy due to a missing protrusion (not shown).

The simulation model and the moth-eye profile captured in the blue line scan
match up well, as shown in Figure 5.5(f), with the exception of the width, which
is slightly larger in the AFM profile, which we believe can be explained by tip con-
volution, and, to some extent, defects in the sample, which render the effective fill
fraction smaller. However, keep in mind that in order to obtain a precise correlation
between the model and observed moth-eye structures, the imprint would have to be
completely homogeneous.

Surface Oxidation

Aside from a few minor water absorption bands at 2.9µm and at 5.5–7.5µm as well
as absorption peaks at 4.3µm and 15µm attributed to atmospheric CO2, we observe
two distinct absorption peaks at 4.55µm and 12.3µm, as indicated in Figure 5.5(e),
which correspond to Se-H and Se-OH absorption bands, respectively. The Se-H band
appears in both the nanoimprinted and blank window transmittance spectra, and it
is therefore inferred that this impurity is introduced during glass synthesis and not
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during the nanoimprint process heat treatment. For the Se-OH impurities, we see
that while they do not appear in the blank window transmittance spectra shown in
Figure 5.5(e), we have since also observed similar oxidation of the untreated chalco-
genide glass windows after longer storage under ambient conditions. However, no
Se-OH absorption was observed in the measurements performed immediately after
nanoimprinting the windows, suggesting that the heat treatment merely triggers an
accelerated oxidation growth, which subsequently takes place as the chalcogenide
glass windows are stored in ambient air. Similar observations of sample deteriora-
tion due to oxidation have also been reported in studies regarding other chalcogenide
compounds [88, 89, 90]. This hypothesis is also consistent with preliminary tests
to nanoimprint in an inert atmosphere (N2), in which no change to the accelerated
oxidation growth has been observed.

Transmittance Improvement as Function of AOI

One of the most important features of AR surface reliefs is the ability to maintain
their effectiveness across a wide range of incident angles, which is useful for many
practical applications. By calculating the improvement to the window transmittance
after receiving a nanoimprinted surface relief, denoted ∆T , we also get a very in-
sightful figure of merit to evaluate its AR efficiency relative to its initial conditions.
Calculating this figure of merit for the measured transmittance of the nanoimprinted
window given in Figure 5.5(e) as AOI is increased, we obtain the plots shown in Fig-
ure 5.6(a). This shows us that the previously described window has a transmittance
improvement of ∆T > 12% in the 5.9–7.3µm spectral range at both 0◦ and 6◦ AOI.
A more modest improvement of ∆T > 7.7% is accomplished in the 2.8–10.7µm spec-
tral range. Since the calculated improvements at normal and at 6◦ AOI are almost
identical, the previously documented discrepancy at normal incidence is minimized
when considering the relative improvement of the transmittance. We therefore as-
sume that for measurements done at θi < 6◦, we can still calculate the corresponding
transmittance improvement and obtain a reasonably accurate metric.

The average transmittance improvement, denoted ⟨∆T ⟩, for the same surface
relief, is plotted in Figure 5.6(b) as a function of AOI. The figure presents two sets
of data; in the first data set, we average the improvement from 5 to 9µm, thus
mainly covering the optimum transmission spectrum; meanwhile, in the second data
set, the averaging range is broadened to include 3–14µm. In the 5–9µm spectrum,
the average improvement is about 11.5% at normal and close to normal incidence,
while in the broader 3–14µm spectrum, this is about 9%. As the AOI increases, the
surface relief maintains an average improvement >10% for θi < 35◦ in the 5–9µm
spectral range, whereas in the 3–14µm spectral range an average improvement >8%
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Figure 5.6: (a) Plot of the transmittance improvement, ∆T , as function of AOI (θi), based on
the measured transmittance of the nanoimprinted window shown in Figure 5.5. (b)
The average transmittance improvement, ⟨∆T ⟩, as a function of AOI, and averaged
across the 3–14 µm and 5–9 µm spectral ranges, plotted together with the RCWA
simulation and a curved fit. The inset sketch illustrates how AOI is defined.

for θi ≤ 35◦ is maintained. The deviation in the data points at AOI < 6◦ is caused
by the systematic discrepancy addressed earlier.

Simulating the transmittance as a function of AOI using the RCWA model given
in Figure 5.5(f) and comparing it to the two measured data sets, we see a rather large
deviation between the two as the AOI increases. Assuming that the simulation model
is an accurate model description of the fabricated surface relief, then the deviation
suggests a transmission loss in the measurement. While the observed offset between
the average improvement in the 3–14µm spectral range and the simulated result
can be explained by the previously noted drop in measured transmittance near the
boundary where the grating changes behavior to a diffraction grating, the measured
data points generally appear to have a stronger dependency on the AOI, exhibiting
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an angle dependent loss not included in the simulation model. The root cause for the
transmission loss remains unresolved; however, we found a decent fit to the two data
sets by adding identical loss terms proportional to 1/cos(θi) to the two simulation
results. This suggests that the transmission loss is related to absorption by a surface
oxide layer, as the optical thickness of such a layer follows the same dependency to
AOI. This fits well with our previous observations, which suggest the presence of
surface oxidation on the surface. However, other loss mechanisms, such as scattering
or the area probed changing size with AOI (from a circle to an ellipse, thus possibly
probing a less optimal surface relief) cannot strictly be excluded from impacting the
measurement either.

Tailoring the Surface Relief

Besides the surface relief studied in the previous sections, an assortment of other re-
liefs, which had a variety of different pitch sizes and corresponding protrusion heights,
were also tested. The SEM images of the tested surface reliefs are presented in Figs.
5(a)–5(d), including the relief previously studied and discussed (surface relief #3).
The height disparity between the different surface reliefs is given in Table 5.8 and is
primarily a result of a difference in etch rate caused by aspect ratio-dependent etching
(ARDE [63]), introduced during the Si master fabrication step.

Measuring the transmittance and subsequently calculating the corresponding trans-
mittance improvement of the nanoimprinted surface reliefs, we obtain the plots shown
in Figure 5.7(e), the results of which are summarized in terms of individual peak effi-
ciency and optimum spectrum in Table 5.8. The figure demonstrates the sensitivity
to pitch size and protrusion height that surface reliefs have, and how changing them
translates to vastly different AR characteristics, which is a trait that can be utilized
to tailor the surface relief to suit a specific application.

With the smallest height of just 815 ± 25nm, surface relief #1 is tailored to
generate a considerable peak transmittance improvement of ∆T = 12.2% at 3.3µm;
however, it is too small to support substantial broadband antireflection. With an
optimum efficiency spectrum spanning 2.8 to 4.1µm, this surface relief is ideal for
handling the emission from a high-power mid-IR holmium- or erbium-doped ZBLAN
(ZrF4-20BaF2-4LaF3-3AlF3-20NaF)-based fiber laser system, which operates in the
2.7–2.9µm spectral range [91, 92]. Surface relief #4 has the tallest fabricated moth-
eye protrusions, which measure 1550 ± 25nm in height, and as a consequence, the
relief features extremely broadband antireflection and achieves ∆T > 7.7% between
3.2 and 12µm. Surface relief #2 exhibits the highest recorded peak transmittance
improvements of ∆T = 13.28% at 4.6µm, corresponding to ∼0.8% reflectance at the
surface. This is anticipated, as its surface relief dimensions (p and h) can be traced
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Figure 5.7: (a)–(d) SEM images of As2Se3 windows after receiving a surface relief with a different
pitch and protrusion heights, viewed at the same magnification and 30◦ tilt; (e)
calculated transmittance improvement of the nanoimprinted windows, corresponding
to a transmittance measured at normal incidence. ∆Tmax indicates the boundary for
the theoretical maximum transmittance improvement attainable by a single-surface
relief in As2Se3.

back to a similar highly efficient region on a simulated transmittance map using a
4.5µm incident wavelength (see Supplement 1). With optimum efficiency spectra
located at 3.9–5.9µm and 5.9–7.3µm, respectively, surface reliefs #2 and #3 provide
AR properties that are extremely useful at the input facet of chalcogenide fiber-based
mid-IR supercontinuum light sources, such as the two demonstrations presented by
Petersen et al. [12], which utilize pumping with intense ultrashort pulses at a central
wavelength of 4.5 and 6.3µm. Likewise, surface relief #4, with its extremely broad
AR bandwidth, could potentially be useful on the output facet of this optical system,
as it could facilitate a higher output intensity of the generated supercontinuum light
exiting the fiber.

Surface relief #4 could potentially also be used in thermal imaging applications,
as its transmittance improvement extends out to 14µm, thus covering the thermal
imaging window (9–14µm). However, for such imaging applications, the fabrication
process must be optimized to reduce the number of pattern defects leading to scatter-
ing, which affects the image quality [86]. Since the diffraction and scattering losses in
surface relief #4 primarily manifest at the shorter wavelengths between 3 and 4µm
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Table 5.8: Measured Peak Transmittance Improvement (∆T ) and Optimum Efficiency Spectra
(OES) of the Fabricated Surface Reliefs.

Sample p (nm) h (nm) Peak ∆T at λ (%)a OES (%)
#1 900 815± 25 12.20 at 3.3µm ∆T ≥ 11 at 2.8–4.1µm
#2 1000 1075± 25 13.28 at 4.6µm ∆T ≥ 12 at 3.9–5.9µm
#3 1050 1351± 10 12.58 at 6.7µm ∆T ≥ 12 at 5.9–7.3µm
#4 1200 1550± 25 12.54 at 7.8µm ∆T ≥ 12 at 6.8–8.7µm
#R1 [27] 800 N/A ∼11b at 2.7µm ∆T ≥ 10 at 2.3–3.5µm
#R2 [20] 2600 4800 ∼13.22c at 7.5µm ∆T ≥ 13 at 7.0–12µm
a SD (N = 10) = ±0.63%
b ∼61% and ∼72% transmission is reported for the blank and imprinted window, respectively.
c ∼99% Single-surface transmission (normalized to the untreated window transmittance assumed

to be 78%) is reported for the surface-etched window.

in the transmittance spectrum, the level of scattering in the thermal imaging window
should be negligible, assuming the number of defects is kept low.

Comparing the summary of our results shown in Table 5.8 with the state-of-the-
art nanoimprinted AR surface relief (#R1 in Table 5.8), it is evident that the surface
reliefs fabricated in this work deliver a level of performance that exceeds that of
the previous generation, both in terms of their applicable range and in terms of
their baseline efficiency (∆T ), which is more than 1–2% higher than the previous.
Compared to the state-of-the-art dry-etched AR surface relief (#R2 in Table 5.8), we
achieve about the same peak transmittance improvement, but with a considerably
smaller optimum spectrum, likely because of the much smaller moth-eye structures.
The reproducibility of the technique was checked by imprinting on two batches of
chalcogenide glasses using the same shims after four months and achieving very similar
results. Nevertheless, the current results constitute a substantial improvement to
nanoimprinted reliefs in chalcogenide glass that rival the AR performance of dry-
etched surface reliefs.

Conclusion

We have demonstrated a direct thermal nanoimprinting method capable of rapidly
patterning the surfaces of bulk chalcogenide glass materials with highly efficient broad-
band AR surface reliefs. Utilizing a modelling approach, we were able to design a
surface relief layout and subsequently pattern it, providing nanoimprinted surface
replicas with excellent optical characteristics. With peak improvements to the win-
dow transmittance between 12.2–13.28%, corresponding to a 0.7–1.8% reflectance
on the imprinted surface, the presented peak efficiency of the nanoimprinted reliefs
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is substantial and on par with what has been achieved with dry-etched surface re-
liefs. We believe that the method demonstrated here paves the way for faster and
more cost-effective ways of fabricating tailor-made antireflective surfaces directly onto
chalcogenide based optical passive components such as lenses, windows and optical
fibers.

——————– End of Paper Reprint ——————–

5.3 Summary

As evident from the results presented in the paper, the development of a method
for replicating surface nanostructures in chalcogenide glass was a success and as a
result of the different dimensions of the fabricated Ni molds, the glass surface was
given antireflective properties at various predictable spectral wavelength within the
mid-infrared spectral region. In order to evaluate the antireflection in context of the
primary goals of the thesis, which is to reduce Fresnel reflection specifically from
3.5–4.5 µm, 6–8 µm and 3–8 µm, we proceed to calculate the average transmittance
improvement, ⟨∆T ⟩, for each of the four surface reliefs within these three bands. A
summary of the results from this calculation is given in Table 5.10, with the highest
values in terms of antireflective performance highlighted in boldface numbers.
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Figure 5.9: Plot of the calculated transmittance improvement, ∆T , for each of the four nanoim-
printed surface reliefs showcased in ’paper 1’, as well as a fifth antireflective surface
relief (#5, black line), which is not included in the paper.

The simulated maps, shown in Figure 5.2, predicted that #1, #2 and #5 would
provide the strongest antireflection in the 3.5–4.5 µm spectral band, which turned
out to be roughly true, as shown in Figure 5.9, where the result from mold #5 has
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also been included. The best result of the three molds was achieved with mold #5
with an imprint (p = 950 nm and h = 904 ± 10nm) yielding ⟨∆T ⟩ = 12.92% in this
spectral band. This is about 1% lower than the maximum average transmittance
improvement for a single surface imprint, ⟨∆Tmax⟩, which is roughly 14.14%. A SEM
image of Surface relief #5 can be found in the Appendix (Section E.1). Surface
relief #3 produced the strongest antireflection at λ = 6.7 µm. Therefore it is no
surprise that surface relief #3 yields the highest average transmittance improvement
of ⟨∆T ⟩ = 12.06% from 6–8 µm. We suspect, Finally, surface relief #2 exhibited the
strongest antireflection within the widest of the three bands, with ⟨∆T ⟩ = 11.33%
from 3–8 µm. However, it is clear that while broadband antireflection was achieved,
there is still plenty of room for improvements..

Table 5.10: Summary of the results achieved from the 1. generation of broadband antire-
flective moth-eye structures nanoimprinted in bulk chalcogenide glass win-
dows.

Sample
(#)

p
(nm)

h
(nm)

⟨∆T ⟩a

(3.5–4.5 µm)
⟨∆T ⟩a

(6–8 µm)
⟨∆T ⟩a

(3–8 µm)

1st
G

en
. 1 900 815± 25 11.11% 4.65% 7.70%

2 1000 1075± 25 12.23% 10.03% 11.33%
3 1050 1351± 10 8.00% 12.06% 10.53%
4 1200 1550± 25 8.60% 11.98% 9.97%
5 950 904± 10 12.92% 8.73% 10.85%

a ⟨∆Tmax⟩ ≈ 14.14%.
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CHAPTER 6
Nanoimprinting Reflow

Modified Moth-eye
Structures

In this chapter we present a study on the second iteration (2nd generation) of broad-
band antireflective moth-eye structures nanoimprinted on bulk chalcogenide glass
windows (AMTIR-2) using Ni molds shaped by a new fabrication process (thermal
reflow), as we try to address some of the shortcomings that were revealed in the first
generation of moth-eye structures.

6.1 Background

It was clear from the optical results from the study on the first iteration of moth-
eye structures, that more work needed to be done on the design and the execution
of said structures, in order to reach a more satisfying level of antireflection, on par
with what is achievable with current day commercial antireflective thin-films. We
especially found the antireflection from 3-8 µm to be particularly lacking, mainly due
to the general poor performance across wider spectral bandwidths.

Comparing the height of each of the imprinted 1st generation moth-eye structures
with that of their mold counterpart, the imprinted structures were approximate 20%
shorter on average. Since we know from Figure 3.12, that a partially replicated
structure will lead to a decrease in the antireflective bandwidth, we we should be able
to improve the bandwidth by improving the nanoimprinting process conditions to
achieve a higher degree of replication. In addition to this, we also identified a problem
in the way structures were fabricated in patterns with large periods (p > 1.15µm),
which lead to more sinusoidal-like profiles rather than parabolic ones. This happened
because the spacing between resist pillar in large period structures was so significant
that the tapering in this area was essentially only carried out by the etching process
itself and not by the dynamically changing resist profile. This unfortunately also led
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to the patterns having a lower packing density, which we know from Figure 3.11(b)
lowers the antireflective effect produced by the AR texture overall.

Inspired by how microlens arrays were fabricated with high extremely high packing
densities in photoresist [93, 94, 95], we decided to try and solve these problems by
introducing a thermal reflow post processing step to the deep-UV lithography during
mold fabrication, in which the resist is effectively melted, transforming the relatively
cylindrical resist into more rounded hemispherical features with larger footprints.
Adding thermal reflow to the mold fabrication process also has the added benefit of
adding shape customizability, which was very difficult to achieve before as we were
relying primarily on the etching process to carry out the tapering of the transferred
structures.

Dry-etch Simulation

To get an idea of what kind of structures a reflow modified resist promotes, a simple
script was set up in MatLab, which simulates the pattern transfer of a given resist
profile to a silicon substrate. However, before we can begin simulating, we need to
estimate the profile of a reflowed resist.

If we assume to have a 1000nm tall (hc) and 560nm wide (dc) cylindrical feature
in resist before reflow, the volume of the cylinder is given by

Vc =

(
dc
2

)2

πhc

If we then assume that the resist transforms into a hemispherical profile after thermal
reflow, we can approximate height of the hemispherical structure for any given feature
radius (rh) by using the equation for the volume of a hemispherical structure and
assuming we have conservation of mass (Vh = Vc):

Vc = Vh =
1

6
πhh ·

(
3 ∗ r2h − h2

h
)

Figure 6.1(a) and Figure 6.1(b), shows the estimated shape of the resist before and
after thermal reflow, assuming we end up with a hemispherical resist feature.

We previously noted that it took about 30 minutes to etch through a 1000nm
layer of photoresist (PR), which then formed a 2230 nm tall structure in silicon
(when p = 1.3 µm). We can used this information estimate the approximate etch rate
in both materials:

Sietch rate = 2230 nm/30min = 74.33nm/min
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Figure 6.1: (a) The cylindrical model approximation for the shape of the resist before reflow. (b)
The estimated hemispherical shape of the resist after thermal reflow. (c) Simulation
of the pattern transfer of the conventional (non-reflowed) resist to silicon at different
points during dry-etching. (d) Simulation of the pattern transfer of the reflowed
resist to silicon at different points during dry-etching.

PRetch rate = 1000 nm/30min = 33.33nm/min

The script uses these values to determine how by much the height needs to be reduced,
at a given etch time. The script simply runs a for loop for every second of the etch
duration, computing the height every time, thus allowing us to see what happens to
the resist and the structure during the etching process. To better approximate the
shape of the non-reflowed resist, we used a sigmoid function to describe its profile
with smooth corners. We also added a parabolic distributed etch rate to the script to
emulate the rounding effect introduced by the physical etching characteristics. The
result from running simulations using an initial resist thickness of 1000nm is given
in Figure 6.1(c) and Figure 6.1(d) for the conventional (non-reflowed) and reflowed
resist, respectively at different points during the etch process. It is clear that the
pattern transferred by the conventional photoresist etch mask is significantly taller at
2230nm compared to the pattern transferred by the reflowed resist which is estimated
to be just 1177 nm tall. However, this height discrepancy is not due to aspect ratio
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1.15 µm1.05 µm

Figure 6.2: SEM images (take n at 0◦ and 30◦ tilt) of some of the moth-eye structures that
were transferred by the reflow modified resist. In the example on the left it is clear
too much reflow was introduced for that particular pattern, causing bridges to form
between individual features. All scale bars are 1µm.

depended etching, as this is not taken into account in the simulations. The real reason
for the difference in height is due to the reduced thickness of the resist, which was
estimated to be just 525nm tall after thermal reflow. However, overall the profile
of the transferred pattern looks very promising, as we can potentially get higher
packing densities while also being able to control the shape of the moth-eye structure
by modifying the degree of reflow of the resit. Two examples of the kind of moth-eye
structures promoted by reflow modified resist is given in Figure 6.2 for two patterns
(p = 1.05 µm and p = 1.15 µm). In the pattern with p = 1.15 µm, we estimate a gap
between structures of just 35± 5nm.
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This section includes a preprint version of a research article submitted to the journal
Optics Letters (OSA) and is currently under peer review as of writing this thesis:

Nanoimprinting Reflow Modified Moth-eye Structures in Chalcogenide
Glass for Enhanced Broadband Antireflection in the Mid-infrared
Mikkel R. Lotz, Julius L. Needham, Mogens Havsteen Jakobsen and Rafael Taboryski, Optics
Letters (submitted March 2019).

Supplementary material can be found in the Appendix (Section D.1).

Abstract

We report on the progress in developing a new method for fabricating highly efficient,
broadband antireflective moth-eye structures in As2Se3 via a direct nanoimprinting
technique. Thermal reflow is used during mold fabrication to reshape a conventional
deepultraviolet lithography and promote the pattern transfer of ‘secant ogive’-like
moth-eye structures. Once replicated, the structures modified by reflow displayed
greater antireflective efficiency compared to structures replicated using a conventional
mold. An average transmittance improvement of 12.36% is obtained in the 3.3–12µm
spectral range by imprinting a single surface.

Introduction

When a beam of light strikes the surface of an optical medium, such as a lens, a frac-
tion of the light is reflected due to Fresnel reflection. In the mid-infrared region, this
reflection can make up a sizeable portion of the combined losses due to the extensive
dependency on high-index materials such as chalcogenide glasses (ChGs). ChG is a
unique group of infrared transparent materials that generally boast low optical losses
combined with a wide transparency window that, depending on the composition,
extends from the short-wavelength infrared and into the mid- to long-wavelength in-
frared [49]. However, it is the thermomechanical properties of ChGs which set them
apart from other infrared optical materials, such as germanium, gallium arsenide,
zinc sulfide and zinc selenide. As a glass type material, ChG becomes malleable when
heated above its glass transition temperature, hence its compatibility with low-cost
replicative techniques such as nanoimprinting [88, 96, 27, 62, 30] and precision glass
molding [31, 72, 75], as well as fiber drawing used to manufacture mid-infrared optical
fibers [72, 97].
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While Ge28Sb12Se60 is the current go-to choice when it comes to manufactur-
ing molded ChG lenses (BD2), the rising cost of germanium has enabled arsenic-
triselenide (As2Se3) to become a low-cost alternative, as it contains no germanium and
has a lower glass transition temperature, reducing manufacturing costs [56]. As2Se3
is a well-established ChG composition with a refractive index n ∼ 2.78 (at 6µm) and
a low loss window extending from ∼1–12 µm [34], but because of its relatively high
refractive index, it suffers a 22% reduction in transmission per air-glass interface due
to Fresnel reflection. While commercial thin-film coatings have been developed to
suppress reflection in the visible and near-infrared, few solutions currently exist for
ChG applications operating in the mid-infrared, since these coating materials and
processes are either chemically or thermomechanically incompatible with ChG [83,
84, 22, 98].

When an optical element is textured with random or periodic sub-wavelength
structures, it forms a graded index matching layer between the air and substrate. The
resulting effect is a reduction in the amount of light reflected, a so-called antireflective
(AR) effect. The phenomenon is known as the ‘moth-eye effect’, named after the
discovery of such structures on the eyes of nocturnal moths, where it is believed
to be used as camouflage against predators and to improve night vision [99, 19].
Several studies have proposed, via simulations and experimental data, that of the
three primitive shapes; conical, parabolic and Gaussian-bell like profiles, a parabolic
shaped moth-eye profile arranged in a close-packed hexagonal array, yields the most
effective broadband antireflection [19, 100, 101].

In a recent study, we demonstrated a simple method for structuring the surface
of bulk ChG windows with an AR surface texture [62]. While broadband antire-
flection was ultimately achieved, the study also revealed shortcomings, which left
taller moth-eye structures partially replicated, resulting in lower performances. Thus,
the full capability of this technique was not fully demonstrated. We now report on
the progress towards developing superior AR surface textures which display greater
efficiency over a significantly broader spectrum. This is accomplished by introduc-
ing several changes to the microstructure design and methodology. Firstly, a new
photolithography post-processing step, thermal reflow [102], is added to the mold fab-
rication process, promoting the transfer of a ‘secant ogive’-like microstructure profile.
Secondly, a higher temperature and pressure as well as a cooldown step are employed
in the nanoimprint process, facilitating replication of higher aspect ratio structures,
while simultaneously reducing the extent of fracture defects in the textured surface.
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Figure 6.3: Process flow diagram of the mold fabrication method and subsequent ChG sample
structuring.

Materials and Method

The fabrication process used to make the molding tool, apart from the addition of
a thermal reflow step, has previously been described in detail in [62]. However, in
short, the process flow shown in Figure 6.3, is divided into three stages. First stage
is lithography, where an etch mask is defined and then modified by thermal reflow.
The second stage is pattern transfer and electroforming, where the developed resist is
transferred to a silicon (Si) substrate by dry-etching, forming a stamp, which is sub-
sequently electroformed and dissolved in a potassium hydroxide solution to produce a
nickel (Ni) based mold. The last stage is nanoimprinting, where the fabricated mold
is used to replicate a mirror image texture on the ChG surface.

Polished and uncoated stoichiometric As2Se3 windows (AMTIR-2, Ø 25.4mm,
2mm thick) supplied by Amorphous Materials Inc., US, were used to test the repli-
cation of AR surface textures. The setup, shown in Figure 6.4(a), was employed to
carry out the nanoimprint process, which uses a hotplate to heat the sample and
mold, whilst a piston, mounted on a linear actuator and driven by a DC motor, was
used to apply pressure. An acrylic dome was used to nanoimprint in an inert (N2) at-
mosphere. A cross-sectional sketch of the sample assembly is shown in Figure 6.4(b),
which consists primarily of aluminium parts as this has a thermal expansion coeffi-
cient close to that of ChG. Furthermore, the assembly was designed specifically to
nanoimprint on a single surface. Therefore, a sapphire window (WG31050, Thorlabs
Inc., US.) was placed on the opposite side to ensure it remained as pristine as possible.
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Figure 6.4: (a) The nanoimprint setup. (b) Cross-sectional sketch of the assembly. (c) Plot of
the piston force and hotplate temperature applied during the five phases of nanoim-
printing.

The nanoimprinting procedure has 5 phases, highlighted in Figure 6.4(c); pre-
heating, pressurizing, molding, cooling and release. Preheating the assembly to the
intended molding temperature of 220 ◦C for 20 min before applying pressure ensured
that the system reached a stable and uniform temperature, giving the sample and
aluminium parts ample time to thermally expand, before initiating. The piston was
then engaged in small increments to produce a slowly increasing pressure on the ChG
sample. After roughly 15 minutes, the force applied by the piston reached 2.1 kN,
corresponding to a pressure of about 416N/cm2. This pressure was then maintained
for 10 minutes, during which a slow decrease in pressure is observed, as the sample ex-
pands outwards until it is eventually contained by the aluminium rings. The position
of the piston is therefore continually adjusted to maintain the pressure throughout
this phase. In the cooling phase the temperature was slowly ramped down to 165 ◦C,
at which point the piston was disengaged removing pressure on the sample entirely.
Demolding so close to the glass transition temperature of As2Se3 (Tg = 167 ◦C), min-
imizes the buildup of stress between the glass and mold, caused by a difference in
thermal expansion between the two. This makes release from the mold easier and
reduces the risk of introducing fracture defects in the newly replicated surface [45,
44].
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(a) (b) (c) (d)

Figure 6.5: SEM images of the deep-ultraviolet lithography with t = 1000 nm and p = 1300 nm,
viewed at 30◦ tilt. (a) The reference lithography without reflow. (b, c, d) SEM
images of the lithography after subjecting it to reflow temperatures of 160 ◦C, 165 ◦C
and 170 ◦C for 90 s, respectively. The length of all scalebars is 1µm.

Results and Discussion

Thermal reflow is a gradual process that reshapes the developed resist into a new
and rounded profile. By adjust temperature and duration of the process the resulting
profile can be tailor-made to a given specification. Therefore, we begin by examining
the different resist shapes which can be achieved by adjusting the reflow temperature,
while keeping the duration constant at 90 s. For this test we used the conventional
deep-ultraviolet photoresist shown in Figure 6.5(a), which consists of a hexagonally
arranged resist pattern with a feature pitch p = 1300 nm and an initial resist thickness
t = 1000nm. Three wafers containing the developed photoresist were placed on
a hotplate and subsequently exposed to three different reflow temperatures, Tr =

160 ◦C, 165 ◦C and 170 ◦C, as illustrated in Figure 6.5(b, c, d). At Tr = 160 ◦C, we
saw only subtle changes to the resist, as the resist pillar appeared slightly rounded
near the top edge. At Tr = 165 ◦C, the resist showed moderate signs of thermal
reflow, as the pillar appeared both shorter and rounder, as well as exhibiting a slightly
larger feature footprint. Finally, at Tr = 170 ◦C, a substantial amount of reflow was
observed, with the resist pillar now reshaped as a spherical cap and a footprint which
appears considerably larger than its non-reflow counterpart.

The pronounced smoothing effect seen as the resist is melted is useful for the
fabrication of the stamp and mold, since a smooth resist translates into a smoother
mold surface, thus reducing the surface-to-volume ratio between the mold and sample.
Likewise, the observed broadening of the resist is also very beneficial for AR surface
textures, as wider structures with higher packing densities have been demonstrated
to increase the overall efficiency of the AR texture [99]. The only clear disadvantage
from using thermal reflow, is the considerable reduction in resist thickness which
inevitably also occurs with reflow. This is problematic when used in broadband AR
applications, as it will translate to smaller structures being transferred to the silicon
substrate and subsequent mold. This eventually leads to a substantial reduction in
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Figure 6.6: SEM images of the Si microstructures transferred from an etch mask with t =
1000 nm and p = 1300 nm. (a) Structures transferred by the reference pattern,
viewed at 45◦ tilt and (b) viewed at 0◦ tilt. (c) Structures transferred by the reflow
modified etch mask with Tr = 170 ◦C, viewed at 45◦ tilt and (d) viewed at 0◦ tilt.
The inserts show the measured gap between structures. The length of all scalebars
is 1µm.

the AR bandwidth produced by the replicated texture. However, simply applying a
thicker layer of photoresist at the initial stage of fabrication to compensate for the
height reduction should solve this specific problem, as we shall demonstrate in the
next section.

The reference resist pattern and the resist pattern with extensive resist reflow
(Tr = 170 ◦C), were then used as etch masks in a dry-etch process to fabricate an
array of tightly packed microstructures on surface of the Si substrate. These trans-
ferred Si moth-eye structures are shown in Figure 6.6. As predicted, the reference
resist pattern, with its greater thickness, produced a tall, segmented taper, whereas
the reflow modified resist yielded a short, continuous taper, best described by a se-
cant ogive function with a sharpness of 1.57. Examining the two reliefs from the top,
also revealed a slight difference in their respective packing density, as indicated in
Figure 6.6(b) and Figure 6.6(d). With a gap size of (85± 5)nm and (50± 5)nm for
the reference and reflow modified microstructures, respectively, the corresponding in-
crease in density is about 5% from 0.87 to 0.92. These geometrical differences are also
captured by the cross-sectional line-scans on the subsequent Ni-mold surfaces shown
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Figure 6.7: (a) Plot of the inverted AFM profile line-scans for the three fabricated Ni-mold
structures (plotted in 1:1 aspect ratio). Insert shows an enlarged view of the mold
structure sidewall. (b) SEM image of the transferred Si microstructures using a
resist pattern with t = 1400 nm, p = 1300 nm and Tr = 165 ◦C, viewed at 30◦ tilt.
(c) SEM image of the final Ni-mold surface using (b) as a preform, viewed at 30◦

tilt.

in Figure 6.7(a). These structure profiles were extracted from topographic images ob-
tained by Atomic Force Microscopy (AFM, NX20, Park Systems, Korea) fitted with
a tilt compensated high aspect ratio scanning probe (AR5T-NCHR, NanosensorsTM,
Switzerland).

To address the problem of reduction in structural height, the reflow experiment
was repeated, but this time we opted for a compromise between reshaping the resist
and maintaining a reasonable resist pillar height. Reducing the reflow temperature
to Tr = 165 ◦C, combined with an increase in the initial resist thickness to 1400nm,
yielded a pattern transfer in Si resembling that of the previous reflow modified mi-
crostructure (#1) with an ogive sharpness of ∼2.7. The structure height is also
much closer to that of the reference structure (#3), as is shown by the measured
AFM profile given in Figure 6.7(a). SEM images of this ‘height compensated’ Si
microstructure array and the subsequent Ni-mold surface are shown in Figure 6.7(b)
and Figure 6.7(c), respectively.

Finally, in order to determine how the addition of the thermal reflow step affects
the optical properties, each of the three fabricated molds were used to texture the
surface of an As2Se3 window. By measuring the 0th order transmittance, T , before
and after applying a surface texture, its AR properties can be studied in a side-by-side
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comparison with the two other mold designs. The transmittance measurements were
obtained using a Fourier-transform infrared spectrometer (FTIR, Spectrum 100 FT-
IR, PerkinElmer, USA) fitted with a sample holder attached to a rotating base plate.
Furthermore, normal incidence measurements were conducted at an incident angle of
θi = 6◦ instead to avoid introducing a systematic error due to spectral reflections.
The optical results collected from the experiment are given in Figure 6.8(a, b, c)
whilst SEM images of the three replicated surface textures are shown in Figure 6.8(d,
e, f). The theoretical blank window transmittance is also plotted for reference, given

by Tblank =
(1−R(n))2

1−R(n)2
, where R(n) is the reflectance at the air-As2Se3 interface.

The maximum transmittance attainable is defined as Tmax = 1 − R(n), while the
transmittance improvement is defined as ∆T = Timp − Tref, where Tref and Timp is
the measured transmittance before and after texturing.

All three measured transmittance spectra of the textured samples exhibit diffrac-
tion at incident wavelengths λ < 3.3µm, shown as the sudden drop in the 0th order
transmittance. However, at λ ≥ 3.3µm, each texture displays its own characteristic
AR properties. Using the AFM profile line-scans of the mold structures given in Fig-
ure 6.7(a) as the basis for a Rigorous Coupled-Wave Analysis (RCWA) model, we
were able to approximately reproduce these measured results. These RCWA mod-
els, shown as inserts in Figure 6.8(a, b, c), suggest a replication height of 1.249µm,
1.719µm and 2.093µm for #1, #2 and #3, respectively. Superimposing each model
over its corresponding mold profile indicates that most of the mold cavity was suc-
cessfully filled and replicated on the glass surface, matching our SEM observations.
Note, that the spectra, both before and after imprinting, exhibit absorption at 4.6µm„
which correspond to Se-H impurities, which originate from the glass synthesis and
therefore is not a result of the nanoimprinting process.

Estimating the average transmittance improvement, ⟨∆T ⟩, from 3.3–12µm, shown
in Figure 6.8(g) as function of incident angle, it is evident that although texture
#3 appears to have the widest bandwidth, texture #2 is more efficient on average,
resulting in an average transmittance improvement of 12.36% (at θi = 6◦) compared
to 11.95% produced by texture #3. This difference is significant considering texture
#2 achieves this despite being ∼18% shorter than texture #3, which is noteworthy as
this makes texture #2 less taxing to replicate via nanoimprinting. To further explore
the potential capabilities of reflow modified moth-eye structures, a scaled version of
texture #2 to a height equal to texture #3, was simulated, shown in Figure 6.8(c) as
the grey dash-dotted line. Here, the simulated average transmittance improvement
was estimated to be ∼13% from 3.3–12µm, which corresponds to ∼1% reflectance,
matching the efficiency of broadband multilayer AR coatings [16].
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Figure 6.8: Plots of the measured 0th order transmittance, T, as function of the incident wave-
length before and after texturing the ChG samples using mold (a) #1, (b) #2 and (c)
#3. Inserts show the RCWA model profile used to reproduce the measured T using
RCWA. (d, e, f) SEM images of the three replicated surface textures from molds
#1, #2 and #3, respectively, viewed at 30◦ tilt. (g) Plot of the estimated average
transmittance improvement by texture #2 and #3 within the 3.3 − 12 µm spectral
range as function of angle of incidence. (h) Photo of a textured ChG sample.
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Conclusion

In conclusion, we have demonstrated that by using thermal reflow to reshape an etch
mask, we can tailor it to promote etched secant ogive shaped moth-eye structures
in silicon. Once inverted onto a Ni-mold and subsequently replicated on a ChG sur-
face using a specialized nanoimprint process, these reflow modified structures display
improved AR properties compared to textures replicated by a mold made using a
conventional mold fabrication process.

——————– End of Paper Preprint ——————–
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Figure 6.9: Plot of the calculated transmittance improvement, ∆T , for each of the three nanoim-
printed surface reliefs showcased in ’paper 2’, as well as a fourth antireflective surface
relief (#4, black line), which is not included in the paper.

To Summarize and evaluate the results from the 2nd generation of broadband moth-
eye structures, we again proceed to calculate the average transmittance improvement,
⟨∆T ⟩, for each of the imprinted textures within the three target spectral bands, which
are shown together with the results from the previous generation in Table 6.10. The
highest values in terms of antireflective performance are again highlighted in boldface
numbers. The result from a fourth imprint, given in Figure 6.9 as sample #4, has also
been included in the summary and a SEM image of the surface relief can be found in
the Appendix (Section E.2). This result was achieved using a mold fabricated with
the same recipe as sample #2, (t = 1400 nm and Tr = 165 ◦C) but with p = 1050 nm
and a height of h = 948 nm, estimated via RCWA modelling.
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Table 6.10: Summary of the results achieved from the 1st and 2nd generation of broad-
band antireflective moth-eye structures nanoimprinted in bulk chalcogenide
glass windows.

Sample
(#)

p
(nm)

h
(nm)

⟨∆T ⟩a

(3.5–4.5 µm)
⟨∆T ⟩a

(6–8 µm)
⟨∆T ⟩a

(3–8 µm)

1st
G

en
. 1 900 815± 25 11.11% 4.65% 7.70%

2 1000 1075± 25 12.23% 10.03% 11.33%
3 1050 1351± 10 8.00% 12.06% 10.53%
4 1200 1550± 25 8.60% 11.98% 9.97%
5 950 904± 10 12.92% 8.73% 10.85%

2nd
G

en
. 1 1300 1249b 12.59% 11.19% 11.84%

2 1300 1719b 12.82% 13.84% 12.91%
3c 1300 2093b 13.21% 11.66% 11.49%
4 1050 948b 13.97% 8.52% 11.19%

a ⟨∆Tmax⟩ ≈ 14.14%.
b Estimated via RCWA modelling.
c 1st Generation mold but using the improved nanoimprinting process.
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CHAPTER 7
Nanoimprinting Fiber

End-facets
In this chapter we present a manuscript in preparation which delves into a method
for transferring surface textures onto chalcogenide glass based optical fiber end-facets.
The study employs the developed mold-designs described in the previous two chapters
in a similar direct thermal nanoimprinting process in an attempt gauge its potential
as a means of providing chalcogenide glass optical fibers with broadband antireflective
properties.

7.1 Introduction

With the advent of high purity chalcogenide glass a few decades ago, made possible
by advances in the purification of its chemical precursors [103, 104, 105, 106], it has
become viable to manufacture low loss chalcogenide glass fibers with the ability to
guide light in the mid-infrared spectral region[107, 53, 97]. The potential applications
of this technology include IR laser power delivery [108, 109], temperature monitor-
ing [110], chemical gas sensing [111], and medical imaging [112]. However, like bulk
chalcogenide glass windows, chalcogenide glass optical fibers also suffer from Fresnel
reflection at the fiber end-facets, which where the light couples into and out of the
optical fibers. While several other factors also introduce optical loss, such coupling
an attenuation, Fresnel reflection loss generally makes up the largest portion of the
combined losses when it comes to chalcogenide glass optical fibers. This is due to its
high refractive index which varies between 2.4–2.8, depending on the glass composi-
tion, and there is therefore a strong incentive to address this in chalcogenide glass
fibers due to what it stands to gain was this loss to be eliminated.

In a recent study by Sincore et al. [109], the reflection problem was addressed
by depositing a thin-film of Al2O3 on both end-facets and was subsequently able
to demonstrate 90.6% transmission of a 20 cm long As2S3 fiber at a wavelength of
2053nm. However, while the system was shown to able to sustain incident beam
intensities of up to 12MW/cm2 without failure, one of the major power limitations of
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the system was that the antireflective coating began to crack after exposure to high
powers due to differences in the thermal expansion coefficients between the substrate
and the AR-coating. Another study by Florea et al. [28] have used antireflective sur-
face structures nanoimprinted on As2S3 fiber end-facet and was subsequently able to
demonstrate antireflectance from 2–5 µm with a peak transmission of 97.5% through
a single facet around 2.6µm. Note, that the refractive index for As2S3 is 2.4, thus the
Fresnel limited base transmittance before nanoimprinting was ∼83%. In this study
we present our results on nanoimprinting antireflective surface nanostructures on two
commercial As2Se3 step-index fibers as well as one GeAsSe-based photonic crystal
fiber. The antireflective effect produced by the imprints are quantified by measuring
the transmitted power of a broadband supercontinuum light source before and after
imprinting the fiber end-facets. We also investigate whether such an antireflective
surface texture interferes with the transmitted laser beam by comparing near-field
images of the beam profile output by a blank and nanoimprinted PCF.

7.2 Materials and Method

Fiber Samples

 170µm 100µm

(a) IRF-Se-100

170µm 12µm

(b) IRF-Se-12

170µm 13µm

(c) PCF-GeAsSe

Figure 7.1: Illustration of the given dimensions for the (a) IRF-Se-100, (b) IRF-Se-12 and (c)
PCF-GeAsSe optical fiber.

The samples used in our nanoimprinting experiments consist of three different
types of commercial mid-infrared optical fibers: Two AsSe step-index fibers, one
large core multimode fiber (IRF-Se-100) and one small core single-mode fiber (IRF-
Se-12), purchased from IRFlex, US, and one single-mode GeAsSe-based photonic
crystal fiber (PCF-GeAsSe) from Selenoptics, France. A Cartoon of the dimensions
of each of the three fibers are given in Figure 7.1, while a summary of the average
core and cladding compositions obtained by EDX measurements are given in Table 7.2.
Additional information with regards to the EDX measurements can be found in the
Appendix (Chapter F).
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Table 7.2: Summary of the estimated core and cladding chemical compositions of the three optical
fibers obtained by EDX measurements.

Fiber: Core: Cladding:
IRF-Se-100 (As/Se, %): 39.437/60.563 38.562/61.438
IRF-Se-12 (As/Se, %): 38.02/61.98 35.62/64.38
PCF-GeAsSe (Ge/As/Se, %): 10.993/22.778/66.228 10.993/22.778/66.228

Fiber Preparation

To prepare the fiber for nanoimprinting, they were first cleaved, and to do this a
∼3 cm section of the coating needed to be stripped in order to expose the bare fiber.
In case of the two step-index fibers, this was done by submerging the fibers in acetone
for 10 minutes, leading to the delamination of the coating layer. Then, by making
a careful incision in the coating with a scalpel, the delaminated section of coating
material could be removed with ease. Since the PCF consists of micro-structure
capillaries (holes), the same technique of submerging the fiber in acetone to strip
the coating could not be used, as this would lead to the capillaries being filled with
acetone, ruining the fiber. Instead, we applied paint remover to a section of the fiber
and left it for about 1 minute, after which the coating could be stripped away by
hand using a piece of lintless tissue paper. After stripping the fibers, they were then
cleaved on the Advanced Optical Fiber Cleaver CT-101, using a tension value of ∼75.
The quality of the cleave was then evaluated using an optical microscope as illustrated
in Figure 7.3.

(a) IRF-Se-100 (b) PCF-GeAsSe

Figure 7.3: Optical microscope images of the cleaved end-facets of the (a) IRF-Se-100 and (b)
PCF-GeAsSe fibers.
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The Fiber Nanoimprinting Setup and Process

The nanoimprinting setup used to imprint the fibers is shown in Figure 7.4(a) and
consisted of a v-groove axial force sensor fiber hold (FSC102, Thorlabs, Inc., US)
mounted onto a NanoFlex™ 5 mm travel translation stage (NFL5DP20S/M, Thor-
labs, Inc., US), which in turn was mounted on a Ø1.5 post with a quick-release handle
for quick adjustments of the position of the stage before and after nanoimprinting.
The force sensor embedded the fiber holder was connected to a strain gauge reader
(TSG001, Thorlabs, Inc., US), allowing the force applied to the fiber to be monitored
throughout the nanoimprinting process. The temperature was monitored via a tem-
perature controller connected to a LabView program. To enable nanoimprinting of
long optical fibers, a capillary glass tube was taped to the end of the v-groove fiber
holder to support the full length of the fiber (∼20 cm), thus lowering the risk of damag-
ing the fiber during nanoimprinting. While many alternatives were explored as to how
to fasten the fiber itself to the fiber holder during nanoimprinting, a polyimide-based
adheisive tape (Kapton tape) was ultimately found to be the the simplest solution,
due its resistance to heat and the relatively simple process of attaching and removing
the fiber from the fiber holder. Other options such as a using a ferrule glued to the
fiber and a clamp holding the ferrule might produce more consistent results, but at
the expense of a more complicated fabrication process.

Mold Hotplate

Stage

Fiber

(a) (b)

Figure 7.4: (a) The custom-built nanoimprinting setup. (b) Sketch illustrating how the fiber
engages with the Ni mold.
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60 µm

(a)

3 µm3 µm

(b)

Figure 7.5: (a) SEM image of the ”trumpet”-like deformation sustained after nanoimprinting the
fiber end-facet. (b) SEM image of the core of the IRF-Se-12 fiber after nanoimprint-
ing the end-facet, showing how the core seemingly retracts during the nanoimprinting
process.

As the sketch, shown in Figure 7.4(b), demonstrates, when the stage holding
the fiber moves downwards, the fiber and mold eventually makes contact, which the
sensor embedded the fiber holder was able to register as a force. However, one of the
problems we immediately observed was that as the fiber continued to be in contact
with the heated mold, progressively more of the fiber would be heated above its glass
transition temperature, and thus the fiber would slowly lose its rigidity and therefore
its ability to maintain the pressure applied to the mold. We would see this as a rapid
drop in the applied force and at this point any downwards movement of the stage
would no longer lead to higher pressures, but would instead lead to more unwanted
deformation of the fiber structure itself. An example of such deformation is given
in Figure 7.5(a). Another problem that we became aware was the tendency for the
core of the IRF-Se-12 fiber and to a lesser extend the IRF-Se-100 fiber, to retract
during the nanoimprinting process, leading to suboptimal replication on the core,
despite achieving excellent replication on the cladding, as shown in Figure 7.5(b).
We attributed this to internal stress from when the fiber was initially drawn, which
is released when the temperature of the fiber is elevated during the nanoimprinting
process.

Because of these two observations, we decided to go with a hot ”punch”-like
nanoimprinting approach, with the aim of making the nanoimprinting process as short
as possible, in order to minimize the deformation of the fiber, which also seemed to
reduced the amount of retraction exhibited by the core. Through a series of tests
we were eventually able to achieve replication with a relatively short nanoimprinting
process of ∼5 seconds using an imprint force of ∼1N, which corresponds to a pressure
of 4457N/cm2, which is ∼10 times higher than what was used to imprint on bulk
chalcogenide windows. The imprint temperature for the two step-index fibers was
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225 ◦C, while the PCF required a slightly higher imprint temperature of 250 ◦C due
to its Ge content. The process parameters used for each of the three fibers is listed
in Table 7.6.

Table 7.6: List of the processing parameters used to imprint the
three optical fibers.

Fiber: Timp (◦C): Fimp (N): timp (s):
IRF-Se-100: 225 ∼1 ∼5
IRF-Se-12: 225 ∼1 ∼5
PCF-GeAsSe: 250 ∼1 ∼5

The Optical Setup

The optical setup used to perform the transmittance measurements of the blank
and imprinted optical fibers is sketched in Figure 7.7(a). The setup uses a mid-
IR supercontinuum laser (SuperK, NKT Photonics, Denmark) with a continuous
spectrum of randomly polarized light from 1.1–4.2 µm. Two mirrors (M1 and M2)
are placed in a parallel (Z-fold) configuration to align the supercontinuum beam onto
a lens (L1), which focuses the laser beam onto the fiber end-facet, coupling it to the
chalcogenide fiber (free space coupling). A low pass optical filter (F1) was placed
between the two mirrors to remove all wavelengths below 2µm, including the pump
signal from source. The complete spectrum of the SC which is coupled into the
chalcogenide fibers is shown in Figure 7.7(b).

The power was measured using a thermal power sensor (S302A, Thorlabs, Inc.,
US) with a sensitivity range from 0.19–25 µm. To estimate the fraction of transmitted
power through the chalcogenide fibers we measured the power continuously while
moving the position of the thermal power sensor between location P1 and P2 marked
in the sketch of the optical setup. This was repeated to enable the calculation of an
average transmitted power, thus taking into account any fluctuations of the power
output by the SC source during the measurements. Unfortunately, we did not have
access to a beamsplitter, which would have allow us to measure the power at both
locations at once. An example of such a continuous measurement of the transmitted
power is shown in Figure 7.7(c) with the high and low plateaus representing the power
measured at P1 and P2, respectively. Since the lens is also located between P1 and P2,
the difference in the measured power at the two locations also includes the optical loss
from the lens. This was subsequently measured to be ∼7.08% and was subsequently
taken into account as the transmitted power of the optical fibers was calculated. The
raw data used to estimate the lens loss can be found in the Appendix (Chapter G),
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along with all the power measurements used to estimate the transmittance of the
blank and imprinted fibers. A near field image of the output facet was obtained by
collimating the laser light output onto an uncooled MWIR imaging module (Tachyon
1024 CORE, New Infrared Technologies, Spain).

One of the main sources of error when comparing the transmittance of the fiber
before and after nanoimprinting, is the assumption that identical coupling efficiencies
are achieved. However, as we were unable to imprint the fiber while it was mounted
in the setup, the only way to minimize this error was by optimizing the coupling for
maximum efficiency before the beginning of every measurement.
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Figure 7.7: (a) The optical setup used to measure the transmittance of the fibers. (b) The SC
spectrum after the laser beam has passed through the optical filter (F1). (c) Plot of
measured power at the two locations P1 and P2, shown in the optical setup, which
is used to estimate the transmittance of the fibers.
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7.3 Results and Discussion

Broadband Antireflection

60 µm

(a) IRF-Se-12

60 µm

600 nm

(b) IRF-Se-100

60 µm

(c) IRF-Se-12

Figure 7.8: SEM images of (a) the IRF-Se-12 fiber end-facet before nanoimprinting, (b) the
IRF-Se-100 fiber end-facet after nanoimprinting and (c) the IRF-Se-12 fiber end-
facet after nanoimprinting.

Of all the fabricated antireflective textures, the 1st generation antireflective pat-
tern with a period p = 900 nm, was found to be best match for a SC spectrum ex-
tending from ∼2.1 to 4.1 µm. We therefore choose to replicate this particular pattern
on the end-facets of both step-index fibers shown in Figure 7.8(b) and Figure 7.8(c).
When compared with the bare fiber end-facet, shown in Figure 7.8(a), it is clear the
fibers were deformed by the nanoimprinting proces. The core diameter, however, ap-
pears to remain roughly the same as before, suggests that the deformation of core
occurs underneath the facet. One possible solution to this problem of fiber deforma-
tion could be to use ceramic ferrules to contain the fiber during imprinting, which is
similar to how we used the aluminium rings to stop the chalcogenide windows from
deforming during nanoimprinting as well.
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(a) (b)

Figure 7.9: (a) Bar plot of the total transmittance of the IRF-Se-100 fiber measured before
imprinting, with one facet imprinted, and with both facets imprinted with an antire-
flective surface texture (p = 900 nm, 1st gen.). (b) Bar plot of the total transmittance
of the IRF-Se-12 fiber measured before imprinting, with one facet imprinted, and
with both facets imprinted with an antireflective surface texture (p = 900 nm, 1st

gen.).

By measuring and comparing the power transmitted before after imprinting the
fiber end-facets, we were able to observe a clear increase in the transmitted power in
both the large and small core fiber, as illustrated in Figure 7.9(a) and Figure 7.9(b).
In both cases, the first imprint was applied on the input-facet, while the second
imprint was applied on the output facet. Imprinting the input-facet of the large
core fiber resulted in an increase in the transmitted power from 57.3% to 70.74%
(normalized to the input power of the source), corresponding to an increase of 13.44%,
while imprinting the small core fiber increased the transmitted power from 58.7% to
71.9%, corresponding to an increase of 13.2%. Imprinting the output facets yielded
even greater improvements in both fibers, with the transmitted power changing from
70.74% to 88.29% in the large core fiber, corresponding to an increase of 17.55%,
while in the small core fiber the transmitted power changed from 71.9% to 88.1%,
corresponding to an increase of 16.1%. We believe the difference in the improvement
between the first and the second imprint is primarily due to the different limits on
how much the transmittance can be improved at the first and second interface, which
we previously established the theory for in Chapter 2, Section 2.3. It is therefore not
believed to be an indication that the first imprint performed worse than the second
one. However, based on our previous results achieved with this antireflective pattern,
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an average improvement of ∼13.3% seems quite high if the maximum transmittance
is 14.14% as it was with our nanoimprinted windows. However, this assumes internal
reflection provides a net positive to the total transmittance, which is only possible if
the optical loss in the fibers is sufficiently low that the reflected signal at the input
and output facets is able to bounce back and forth without being absorbed completely
by the optical material along the way.

Impact on Beam Profile

(a) (b)

Figure 7.10: Near-field image of the IRF-Se-12 beam profile at the output facet (a) before and
(b) after nanoimprinting both end-facets.

Unfortunately, the option to capture an image of the beam profile was not available
at the time the power measurements were conducted, but were instead carried out
at a later. The beam profiles we eventually obtained for the small core step-index
fiber, shown in Figure 7.10, suggested that the majority of the light was coupling into
the cladding and not the core of fiber, as there was no sign of an intense Gaussian
beam in the center of the near-field image of the output facet. However, since this
was observed both before and after nanoimprinting the end-facet and we attributed
this to insufficient alignment of the beam, resutling in poor coupling efficiency. The
question of whether the measurements given in Figure 7.9 were achieved by guiding
in the cladding or the core therefore remains unresolved and the experiment needs to
be repeated with proper alignment and coupling in order to validate these numbers.
However, we believe, that if the light was guided in the fiber cladding, then we should
have seen substantially larger losses than what was demonstrated in the experiments.

To determine whether the imprints were preventing coupling to the core of the op-
tical fibers, we moved away from using free space coupling and instead used a ZBLAN
fiber SC source to butt couple to the ChG test fiber as shown in Figure 7.11(a), giv-
ing us more control over the coupling conditions. Furthermore, to get a more binary
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response from the nanoimprinted end-facet, we changed from using step-index fibers
to photonic crystal fibers (PCF-GeAsSe) as the transmission of these fibers depends
more strongly on coupling efficiency.

SEM images of the PCF end-facet, before and after being nanoimprinted with an
antireflective surface texture (p = 1050 nm, 2nd gen.) is shown in Figure 7.11(b) and
Figure 7.11(c), respectively, and a close up of replicated moth-eye structures is shown
in Figure 7.11(d). From the SEM images we clearly see that the ”air-holes”, which
were visible on the end-facet before nanoimprinting, have collapsed completely as a
result of the imprint. This observation is of interest as opens up for the possibility
of using nanoimprinting processes to seal PCF end-facets to either prevent dirt from
entering the holes or to trap different gasses inside the fiber. Finally, imaging the
beam output before and after nanoimprinting both end-facets of the PCF, shown in
Figure 7.11(e) and Figure 7.11(f), respectively, we observed no change in the beam
profile, suggesting that the imprint does not prevent coupling to the PCF core nor
change the shape of the beam profile.

7.4 Conclusion

Direct nanoimprinting appears to offer a simple and straightforward solution to the
problem of Fresnel reflection in chalcogenide glass based optical fibers, as the trans-
mittance improvement of a broadband mid-infrared SC light source of more than 30%,
was observed by replicating broadband antireflective structures on the two end-facets
of a ChG step-index fiber. In addition, the imprinted structures did not appear to
interfere with the way the fiber operated as we demonstrated that the SC light was
still able to couple into and out of a nanoimprinted PCF without any noticeable
change to the beam profile. However, it also clear that the method could be refined,
for example by reducing the amount of deformation suffered by the imprinted fibers,
which we suspect could lead to some transmission. One possible solution to this could
be to employ ceramic fiber optic ferrules to contain the fiber during nanoimprinting.
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Figure 7.11: (a) Digital microscope image of the butt coupled ZBLAN and PCF fiber. (b) SEM
image of the blank PCF end-facet. (c) SEM image of the nanoimprinted PCF end-
facet. (c) SEM image of the replicated moth-eye structures (p = 1050 nm, 2nd gen.).
(d) Near-field image of the beam profile at the output facet before nanoimprinting.
(e) Near-field image of the beam profile at the output facet after nanoimprinting
both end-facets, with the right image showing a close up of the beam in the core.



CHAPTER 8
Conclusion and

Outlook
This PhD thesis set out with the goal of developing a method for nanoimprinting
antireflective structures on the surface of chalcogenide glass based optical compo-
nents, and while doing so, design and fabricate mold patterns exhibiting highly ef-
ficient broadband antireflective properties in line with the requirements set by the
ShapeOCT project. This included reducing the Fresnel reflection loss from 3.5–4.5 µm,
6–8 µm and 3–8 µm, while at the same time supporting zeroth-order transmittance.

In the first study we were able to demonstrate a direct thermal nanoimprinting
technique capable of patterning the surface of bulk As2Se3 windows with a vari-
ety of broadband mid-infrared antireflective surface textures, thereby making good
progress towards the primary goal of the thesis. With peak improvements to the
transmittance between 12.2% and 13.28%, our nanoimprinted structures exhibited
some of the strongest and widest antireflection ever achieved in bulk chalcogenide
glass by a direct thermal nanoimprinting technique. Unfortunately, the study also re-
vealed signs sample deterioration in the shape of surface oxidation, sparking concerns
with regards to the lifetime of these imprinted components, which is a problem that
has to be addressed if this method is ever going to have a practical use as method
of providing antireflective properties to chalcogenide glass components in the future.
Several shortcomings in the design and replication of this 1st generation of moth-eye
structures were also identified, such as the moth-eye structures only being partially
replicated, which hinted at the potential for substantial improvements, were these
shortcomings properly addressed.

In the second study we attempted to improve on our previous results with a 2nd

generation of nanoimprinted moth-eye structures. Modified by a thermal reflow post
processing step, the resist was shown to promote higher packing densities and etched
secant ogive-like moth-eye profiles instead of the less optimally shaped sinusoidal-like
profile seen in the large period patterns in the 1st generation of moth-eye structures.
The result was a substantial improvement to both the antireflective bandwidth and
efficiency, with the optimized antireflective spectrum now covering most of the low
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loss window of the AMTIR-2 sample. Such an antireflective pattern is especially
useful with the advent of very wideband mid-infrared SC fiber lasers, such as the
one being developed for the ShapeOCT project, as it allows for even brighter light
sources.

The final milestone was achieved when we were able to demonstrate an antireflec-
tive effect in chalcogenide glass fibers after nanoimprinting the end-facets with an
antireflective pattern. Using a broadband SC light source the nanoimprinted fibers
demonstrated a more than 30% improvement of the transmitted power compared to a
bare step index fiber. Upon further examination of the near-field images of the beam
output from a bare and nanoimprinted PCF we saw no noticeable change in the beam
profile, suggesting that the imprint does not interfere with the fibers ability to couple
light in the core. This technique therefore shows great promise as an alternate way
of reducing Fresnel reflection in chalcogenide glass fibers in the future.

Having laid the foundation for a new method for achieving broadband antireflec-
tion in the mid-infrared, the task is now to apply the technique to applications which
stand to gain from such an antireflective imprint, with wideband mid-infrared SC
fiber lasers being the obvious first choice. Other applications such as fiber-based high
power delivery systems could also be of interest as studies have shown that moth-eye
structures can improve the laser induced damage threshold of optical surfaces.

As a final note, we have also been working on solving the problem of surface
oxidation of the imprinted samples, since this is a problem which cannot be ignored.
One possible way of solving this problem is to use a protective hard coating to seal
the surface before the oxidation takes place. As the coating needs to be transparent
to mid-infrared radiation this does not leave many options open as potential coating
materials. However, preliminary results have indicated that Al2O3 and TiO2 are
promising candidates for further studies.
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Objective 
Batch name: Ni shim fabrication processError! Reference source not found. 

The objective of the fabrication process described herein is to fabricate nickel based shims with surfaces consisting of 
hexagonally latticed hole structure arrays. 
 
The DUV lithography step allows us to change the pitch of the array by changing the masking pattern located on the 
DUV reticle, which has been specifically ordered and manufactured for the purpose of this process. 
 
Step 2.9 includes a post-processing step, which is to be used in place of step 2.8. The post-processing step however, 
still needs to be developed as of writing this process flow, which is why no recipe has been added to step 2.9.  

 

Substrates 
Substrate Orient. Size Doping/type Polish thickness Box Purpose # Sample ID 

Silicon  <100> 6” n (Phos.) SSP 675±25µm  Device wafers 2 S1-S2 

Silicon  <100> 6” n (Phos.) SSP 675±25µm  Test wafers 1 T1 

Comments: Number of wafers is for illustration only 
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Figures 
Figure Caption Step Figure 

1  After Spinning 2.4 

 
2  After Development 2.7 

 
3  After Thermal reflow 2.8 

 
4  After Dry-etch Clean 3.2 

 
5  After Ni electroforming 4.3  

 
6  After KOH etch 5.1 

 
7  After MVD 6.2 

 
Comments:Click here to enter text. 
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Step Heading Equipment Procedure Comments 

1 Preparation All wafers 

1.1 Wafer 
selection 

Wafer box Take the 6’’ wafers from the storage and put 
them in a wafer box. 

Note the wafer IDs in the 
batch traveler 

2 Deep-UV Lithography All wafers 

2.1 Clean spinner Spin coater: 
Süss Stepper 

Clean Spinner nozzle and run the dummy wafers 
through steps 2.2 and 2.4. 

1-2 dummies 

2.2 Spin BARC Spin coater: 
Süss Stepper 

Spin coat the device wafers with BARC (Bottom 
Anti-Reflective Coating). 
 
Recipe: 1201-DCH 150mm BARC 1000nm 

• 4700 rpm for 30 sec. 

• Softbake at 175 °C for 60 sec. 

BARC thickness: 65 nm 
 
Note: Upon completion, 
wafers have re-arranged in 
reverse order compared to 
the initial placement in box.  

2.3 Inspection Eyes Check for layer uniformity and major defects.  

2.4 Spin Resist Spin coater: 
Süss Stepper 

Spin coat the device wafers with the positive 
photoresist (KSR KrF M35G). 
 
Recipe: 1403-DCH 150mm M35G 1000nm 

• 2630 rpm for ?? sec. 

• Softbake at 130 °C for 90 sec. 

• Cooling for 20 sec. 

Resist thickness: ~1000 nm 

2.5 Inspection Eyes Check for layer uniformity and major defects.  

2.6 Inspection Ellipsometer 
VASE 

Check resist thickness Log actual resist thickness. 

2.7 Exposure DUV Stepper Place wafer box in machine and run recipe. 
 
Recipe: Disk1-LP1 
Reticle: 8x8Master-Etch-Mask-1 
Dose: 180 J/m2 

 

2.8 Develop Developer: 
TMAH Stepper 

Develop the resist with TMAH solution. 
 
Recipe: 1003-DCH PEB_90s and DEV_60s 

• Post exposure bake at 130 °C for 90 sec. 

• Develop for 60 sec. in 2.38% TMAH water 
solution (AZ 726 MIF) 

Skip to 2.9 if thermal reflow 
is required. 

2.9 Develop (w. 
thermal 
reflow) 

Developer: 
TMAH Stepper 

Develop the resist with TMAH solution and 
hardbake the resist to achieve thermal reflow. 
 
Recipe:  

• Post exposure bake at 130 °C for 90 sec. 

• Develop for 60 sec. in 2.38% TMAH water 
solution (AZ 726 MIF) 
 
Post-processing step (Thermal reflow): 

• Hardbake at 160-175 °C for 90 sec. 

Skip this step if no thermal 
reflow is required. 
 
Suggested hardbake 
temperature: 160-175 °C 
(resist: KSR KrF M35G) 

 

2.10  Inspection SEM Supra 2 Inspect the developed resist pillars. Use x33.000 magnification at 
30° tilt for consistency and 
easier comparison. 

2.11  Inspection AFM Icon-PT Map the pillar array and extract a height profile 
of the resist structure. 
AFM probe: AR5T-NCHR 

Note: The structures are tall 
(~1 µm) and have high 
aspect ratios (1:1.5 to 1:2). 
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3 Dry-Etching Only device wafers!! 

3.1 Dry-etch ICP Metal 
Etcher 

Place the wafer in the load lock and align the 
major flat. Load wafer and run the recipe. 
 
Recipe: Sinano3.3 (includes the following) 

BARC etch step (Descum): 

• Etchant: O2 (10 sccm) 

• Etch time: 50 sec. 

• Coil power: 120 W 

• Platen power: 15 W 

• Pressure: 15 mTorr 

•  
Si etch step: 

• Etchants: HBr:BCl3 (5:15 sccm) 

• Etch time: ~30 min (1000 nm resist) 

• Coil power: 900 W 

• Platen power: 75 W 

• Pressure: 5 mTorr 

• Chiller temperature: 20 °C 

• Chamber heater temperature: 50 °C 

• Lid heater temperature: 45 °C 
When finished, run the post chamber cleaning 
recipe PostChlorineClean20min. 

The etch time of the Si etch 
step needs to be adjusted 
according to the resist 
thickness so as to not over 
etch or under etch the silicon 
structures. 
 
The etch rate: ~33 nm/min 
(This changes significantly 
with pattern pitch however, 
due to microloading and 
aspect ratio dependent 
etching effects.) 

3.2 Cleaning Plasma Asher 
2 

Place wafers in the 6’’ rack and run the recipe. 
 
Recipe: 18  

• Duration: 10-30 min 

• Etchant: O2 (400 ml/min) 

• Carrier gas: N2 (70 ml/min) 

• Power: 1000 W 

Log the wafer ID and position 
in the rack when processing 
more than 1 wafer at a time. 
 
Auto -> Run 

3.3 Inspection SEM Supra 2 Inspect the etched silicon pillar array. Use x33.000 magnification at 
30° tilt for consistency. 

3.4 Inspection AFM Icon-PT Map the etched pillar array and extract a height 
profile of the resist structure. 
AFM probe: AR5T-NCHR 

Note: The structures are tall 
(h > 1 µm) and have high 
aspect ratios (1:1.5 to 1:2). 

4 Ni Electroforming Only device wafers!! 

4.1 Metallization Sputter-
System 
(Lesker) 

Mount upside down in the 6’’ wafer holder and 
transfer to process chamber. Edit and embed the 
recipe in the “DC stack recipe” (primary recipe). 
 
Recipe: CHOI_NiV Source 6 / CHOI_NiV Source 2 

• Deposition rate: ~5 nm/min (0.085 nm/sec) 

• Duration: 1000 sec. (~85 nm) 

• Duration: 1200 sec. (~100 nm) 

Notes: Use the holder with 
the small segmented ledge. 
 
Change to ‘Source 2’ recipe 
in case NiV target is in slot 2. 
 
Ensure the holder sits flush 
inside the process chamber. 

4.2 Storage N2 Closet Store wafers in nitrogen closet. To avoid oxidation of the 
deposited metal surface 
before using it in 4.3.  

4.3 Electroforming Electroplating-
Ni 

Mount the wafer in the electrode assembly and 
run the recipe. 
 
Recipe: 0-9 DCH6_40.5Ah_7h 
Duration: 7 hours 13 min 36 sec. 

Note: If the contact ring is 
dirty, clean it in dilute nitric 
acid solution in Fume hood 
06: Si Etch. 
Thickness: ~330-350 µm 
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5 KOH etching Only device wafers!! 

5.1 Wet-etch Si Etch 3: KOH Place the sample wafer in the 6’’ teflon wafer 
box, submerge in the preheated acid bath and 
run program. 
  
Recipe: Program 3 

• Etchant: KOH solution (28 wt%) in H2O. 

• Temperature: 80 °C 

In Fume hood 06: Si Etch. 
 
Etch rate: 
1.22 µm/min at 80 °C. 
 
Estimated etch time: 
9 hours 13 min. 

5.2 Inspection SEM Supra 2 Inspect the Ni shim hole structure array. Use x33.000 magnification at 
30° tilt for consistency and 
easier comparison. 

5.3 Inspection AFM Icon-PT Map the Ni shim hole structure array and extract 
a depth profile. 
AFM probe: AR5T-NCHR 

Note: The structures are tall 
and high aspect ratio (1:1.5 
to 1:2). 

6 Anti-stiction coating Only device wafers!! 

6.1 Deposition ALD 1 Mount the device wafer on the sample stage. 
Run the recipe. 
 
Recipe: Al2O3 
TMA cycles: 206 (expected thickness: 20 nm) 
TMA Pulse time: 0.1s 
H2O cycles: 206 
H2O Pulse time: 0.1 
Temperature: 200 °C 

 

6.2 Deposition MVD Mount onto the sample holder. Run preparation 
step. Load the sample holder and run the 
deposition process. 
 
Preparation recipe: COLDPREP2 
Process time: 10 min 
 
Recipe: STAMP2 
Process time: 1 hour 10 min 

The preparation step 
involves cleaning the 
chamber, so do not place 
sample in chamber. 

7 Ni-shim dicing Only device wafers!! 

7.1 Preparation Table Cover the textured areas of the shim with the 
blue masking tape and remove any excess tape 
with a scalpel. 

The blue tape stops ash and 
sod from the lasercutting 
process from depositing on 
the textured surfaces. 

7.2 Dicing Laser 
Micromachini
ng Tool 

Place on sample stage. Run recipe. 
 
Recipe:  \mlot\mlot_Ni_shim_cut.job 
Graphics file: 2500x2400_Triple_v1.dxf 
Cycles/repeats: 500-900  (to make cutout) 
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AFM Maps

B.1 AFM Maps - Tip Convolution

(a) (b)

Figure B.1: AFM maps of the imprinted surface texture with p = 0.95 µm (a) using a standard
scanning probe (Tap300DLC) and (b) using the AR5T-NCHR scanning probe. The
lines indicate where the profiles were extracted
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B.2 AFM Maps of Fabricated Molds (1st Gen.)

(a) p = 0.90 µm. (b) p = 0.95 µm.

(c) p = 1.00 µm. (d) p = 1.05 µm.

Figure B.2: AFM maps of the fabricated molds. The colored lines indicate where the profiles
were extracted.
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(a) p = 1.10 µm. (b) p = 1.15 µm.

(c) p = 1.20 µm. (d) p = 1.30 µm.

Figure B.3: AFM maps of the fabricated molds. The colored lines indicate where the profiles
were extracted.
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APPENDIXC
Paper 1 -

Supplementary
Material

C.1 Supplemental Document - Supplement 1

This document provide supplementary information to paper ”Direct nanoimprint-
ing of moth-eye structures in chalcogenide glass for broadband antireflec-
tion in the mid-infrared”, https://doi.org/10.1364/OPTICA.5.000557.

Materials and methods

Fabrication of the nickel shim

First, a 65nm layer of bottom anti-reflection coating (BARC, DUV 42S-6, Brewer
Science®, USA) and a 1000nm layer of positive, deep ultraviolet sensitive photoresist
(KrF M35G, JSR Micro, Japan) was spun onto a 6 inch silicon wafer. The BARC
was soft-baked for 60 seconds at 175 ◦C while the DUV resist was soft-baked for 90
second at 130 ◦C. This was followed by DUV exposure on a Stepper machine (FPA-
3000 EX4, Canon, Japan) fitted with a KrF Eximer laser (248 nm, Cymer, USA). The
reticle mask consisted of a hexagonal lattice pattern of hexagons. The pattern was
developed for 60 seconds in a 2.38wt% tetramethylammonium hydroxide (TMAH) in
water solution (AZ® 726 MIF, MicroChemicals GmbH, Germany).

An inductively coupled plasma reactive ion etching process (ICP Metal Etcher,
SPTS, England) was used to transfer the pattern onto the silicon substrate using the
enchants HBr and BCl3. The dry-etch process consisted of an initial O2 etch to re-
move the BARC and then a subsequent Si etch for 30 min. Residual photoresist was
removed in a subsequent 15 min oxygen plasma etch. Next a 85nm layer of nickel-
vanadium alloy was sputtered onto the surface (CMS-18, Kurt J. Lesker Company©,
USA) as seed layer for the subsequent deposition of 330µm of nickel via electroform-
ing (Microform.200, Technotrans AG, Germany). Once electroformed, the Si master

https://doi.org/10.1364/OPTICA.5.000557
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was dissolved in Potassium hydroxide (28wt%, 80 ◦C). Finally, a 20nm layer of Al2O3

was deposited onto the shim via atomic layer deposition (R-200 Standard ALD, Pico-
sun, Finland), followed by a self-assembled monolayer of perfluorodecyltrichlorosilane
(FDTS) using molecular vapor deposition (MVD 100, Applied Microstructures, USA),
functioning as anti-stiction coating layer. The shim was then diced into manageable
pieces using a 50W picosecond industrial laser cutting tool (microSTRUCT vario,
3D-Micromac AG, Germany).

The direct thermal nanoimprinting setup and process

Figure C.1: The custom-made nanoimprint setup.

A custom nanoimprint setup (shown in Figure C.1) comprising a piston, hotplate
and rigid steel frame was built specifically for the purpose of nanoimprinting polished
and untreated 1’’ chalcogenide windows (shown in Figure C.2) (AMTIR-2 windows,
Amorphous Materials Inc., USA). A linear actuator (Parallel Plate Linear Actuator,
Ultra Motion, USA) and an aluminium block functioned as the piston and piston head,
while the actuator movement was driven by an electric motor (GM9413-4 Lo-Cog®
DC Gearmotor, Pittman Ametek, USA). The hotplate temperature was controlled
via a temperature controller (ELK, Ero Electronic, Italy). Both the temperature
controller and the electric motor were controlled by a computer input (Labview, Na-
tional Instruments, USA). To monitor the applied force, we used a load cell (SLB-250,
Transducer Techniques, USA) in the head of the piston enabling closed-loop feedback
operation.
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Figure C.2: Photograph of the metallic appearance of the polished and untreated blank AMTIR-
2 window before nanoimprinting.

The feedback operation can be seen in action during the nanoimprinting phase
in the telemetry data shown in Figure C.3, which are the slight “re-adjustments”
to the applied force appearing once the force drops below a predefined threshold
during nanoimprinting, which is likely due to relaxation. In the cooling phase the
measured force drops significantly due to thermal expansion and here the feedback
operation helps maintain the force until the hotplate temperature has passed below
the glass transition temperature of the chalcogenide material. The option to operate
the process in an inert atmosphere was also made possible by having a continuously
flow of N2 gas passing into the PMMA dome, shown in Figure C.1, via the rubber
tubing seen entering from the right.
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Figure C.3: Telemetry data of the fabrication parameters from a single nanoimprint process as
function of time, showcasing how the applied piston force and hotplate temperature
is monitored and regulated during nanoimprinting.
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Characterization

The imprints were characterized by SEM (SEM Supra, Zeiss, Switzerland), while the
height of individual structures was extracted by AFM (NX20, Park Systems, Korea)
using a tapping mode AFM probe (Tap300DLC, budgetsensors, Bulgaria).

Figure C.4: The FT-IR spectrometer setup used to measure at normal incidence. To measure
the transmittance at an angle the sample holder was replaced with a holder with a
rotating base plate.

The blank and nanoimprinted glass window transmittance was evaluated using an
FT-IR spectrometer system shown in Figure C.4 (Spectrum 100 FT-IR, PerkinElmer,
USA), and was set up to measure the light transmitted through the sample window. A
scan resolution of 4 cm−1 and 10 accumulation scans were used for each measurement
of the transmittance.

A discrepancy in the transmittance measured at normal incidence was observed
and was resolved by measuring at a fixed 6

◦ incidence angle instead, as this yielded
more consistent measurements that were in close agreement with the theoretical calcu-
lations. In Figure C.5 we show a plot of the blank window transmittance at different
incident which clearly shows the difference between recordings done at incident angles
smaller than 6

◦ and those at incrementally larger angles.
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Figure C.5: The blank window transmittance as function of AOI, θi The dashed black line
represents the analytically expressed result given by Eq. S3.

Analytical method

We use the Sellmeier equation given by Eq. S1 with the Sellmeier coefficients given in
Table S1 to ascribe the chalcogenide glass a refractive index as function of wavelength;

n(λ) =

√√√√1 +A0 +
N∑

n=1

Anλ
2

λ2 − an
(C.1)

Table C.6: Sellmeier coefficients used to approximate the refractive index of the
AMTIR-2 window.

Coefficient: A0 A1 a1 A2 a2
Value: 3.3344 3.3105 0.43834µm 0.89672 41.395µm

With the refractive index defined, the shape of which is shown in Figure C.7,
we can continue to calculate the unpolarized light transmittance through a planar
glass-air interface, at any given incident angle, θi, using the Fresnel conditions:

Rs =

∣∣∣∣n1 cos θi − n2 cos θt
n1 cos θi + n2 cos θt

∣∣∣∣2 , Rp =

∣∣∣∣n1 cos θt − n2 cos θi
n1 cos θt + n2 cos θi

∣∣∣∣2 ,

where n1 is the refractive index of air, θt is the transmitted angle, and Rs and Rp

are respectively the s- and p-polarized light reflectance coefficients. The unpolarized
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Figure C.7: The Sellmeier equation used to express the refractive index of the AMTIR-2 window
as function of wavelength.

light reflectance, R, and transmittance, T , of a single interface is then given by

R =
1

2
(Rs +Rp) , T = 1−R . (C.2)

To calculate the transmittance of our window, we consider the two planar interfaces
in succession of one another, i.e. the air-glass/glass-air interfaces. We also include
the contribution from multiple internal reflections, since the light beam is internally
reflected backwards and forwards between the two interfaces. A sketch demonstrating
this concept is shown in Fig S7. The equation for calculating the transmittance of
the window is therefore given by

Twin (R1, R2) = (1−R1) (1−R2) lim
N→∞

N∑
n=0

(R1R2)
n ⇒

Twin (R1, R2) =
(1−R1) (1−R2)

1−R1R2
(C.3)

where R1 and R2 are the reflectance for the first and second interfaces, respectively
and 2N +1 is the total number of internal reflections included. In the case of a blank
window; R1 = R2 = R, while in the case where the front facing interface exhibits zero
reflection, there is also no internal reflection and thus reduces to a single interface
problem with a transmittance given by Eq. S.2.

Defining Timp and Tref as the measured transmittance of the nanoimprinted and
blank windows respectively, we define the following figure of merit

∆T = Timp − Tref (C.4)
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Figure C.8: Sketch of how the two interface problem (a window) leads to an increase in trans-
mittance in comparison to two independent interfaces, due to the contribution of
internal reflections.

which quantifies how much the imprint has improved the window transmittance rel-
ative to its blank window counterpart that serves as the reference. The theoretical
maximum improvement of the window transmittance, assuming no absorbance, is
given by

∆Tmax = T − Twin(R,R) (C.5)

The method relies on a model description of the imprint topography and the refractive
indices of the two media and takes into consideration the dispersion of AMTIR-2 glass
using the Sellmeier equation (Eq. S1). Since the RCWA model is only designed to
output the transmittance and reflectance of a single interface, which we denote Tsim

and Rsim, we use Eq. S3 with R1 = Rsim, to determine how the simulated result
translates to the transmittance of a nanoimprinted window.

With the only piece of material information used by the simulation being the
substrate index of refraction, conditions that are not linked to this, like absorption
peaks, are not captured by the simulated transmittance. To better reflect the real
experiment, we therefore process the simulated data by calculating the window trans-
mittance improvement, ∆Tsim, that corresponds to the given simulated window trans-
mittance:

∆Tsim = Tref +∆Tsim .

By doing this, the simulated window transmittance, Tsim, also displays the same
absorption peaks as those present in the blank window. This approach also makes it
easier to differentiate between absorption peaks originating from the glass forging
or from our nanoimprint process, as these would show up as a divergence when
comparing Tsim with Timp.
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Simulated transmittance map at λ = 4.5 µm
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Figure C.9: (a) The truncated ellipsoid moth-eye structure model. (b) A map of the simulated
0th order transmittance of a single air-chalcogenide interface with a full ellipsoid
structure surface relief, at normal incidence, using an incident wavelength λ =
4.5 µm, as function of pitch and protrusion height.

The Ni-shim used to imprint surface relief #3

Figure C.10: (a) AFM image of the Ni-Shim used to imprint surface relief #3. The blue and
red lines are the locations of two extracted height profiles. (b) The two extracted
height profiles shown in (a). Notice the height difference between the two profiles.
(c) 3D map of the AFM image given in Figure C.12(a). (d) Inverted 3D map of
the same AFM image.
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The complete 1.3–20 µm spectrum (Surface relief #3)
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Figure C.11: (a) Plot of the transmittance in the complete 1.3-–20 µm spectrum at 6◦ AOI,
measured before and after nanoimprinting the window. (b) The corresponding
calculated window transmittance improvement together with the theoretical max-
imum transmittance improvement, ∆Tmax.

The measured transmittances for the 4 surface reliefs
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Figure C.12: The measured transmittance of the windows with variously fabricated AR sur-
face reliefs with different pitch sizes and protrusion heights, measured at normal
incidence. These measurements were used to calculate ∆T in Figure C.5(c).
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Nanoimprint defects on surface relief #3

Figure C.13: SEM image of some of the typical defects found on surface relief #3.
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Figure D.1: Plot of the measured transmittance of texture (a) #2 and (b) #3 as function of θi.
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APPENDIXE
Unpublished Surface

Reliefs
E.1 Surface Relief #5 (1st Generation)

Figure E.1: SEM image of surface relief #5 (1st generation) with p = 950 nm and h = 904 nm.

E.2 Surface Relief #4 (2nd Generation)

Figure E.2: SEM image of surface relief #4 (2nd generation) with p = 1050 nm and h = 948 nm..
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APPENDIXF
EDX Measurements on

Optical Fibers
F.1 IRF-Se-100

(a) (b)

Figure F.1: SEM images of the sites used to do EDX measurements (a) of the core (up to
Spectrum 30) and (b) the cladding of the IRF-Se-100 optical fiber.
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Table F.2: Summary of the results on the chemical composition
in the core of a IRF-Se-100 optical fiber obtained by
EDX.

Site: 20 21 22 23 24 25

As (%): 39.47 39.37 39.25 39.37 39.15 39.48
Se (%): 60.53 60.63 60.75 60.63 60.85 60.52

Site #: 26 27 28 29 30 Mean

As (%): 39.65 39.55 39.39 39.66 39.47 39.43727
Se (%): 60.35 60.45 60.61 60.34 60.53 60.56273

Table F.3: Summary of the results on the chemical composition in the cladding of a IRF-
Se-100 optical fiber obtained by EDX.

Site: 31 32 33 34 35 36 37 38 39

As (%): 38.15 38.23 38.81 38.15 38.53 38.66 38.47 38.7 38.29
Se (%): 61.45 61.77 61.19 61.85 61.47 61.34 61.54 61.3 61.71

Site #: 40 41 42 43 44 45 46 47 Mean

As (%): 38.38 38.53 38.53 38.64 38.13 39.06 38.36 39.54 38.56235
Se (%): 61.62 61.47 61.47 61.36 61.87 60.94 61.64 60.46 61.43765
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F.2 IRF-Se-12

(a) (b)

Figure F.4: SEM images of the sites used to do EDX measurements (a) of the core and (b) the
cladding of the IRF-Se-12 optical fiber.

Table F.5: Summary of the results on the chemical composition in the core of a IRF-Se-12 optical
fiber obtained by EDX.

Site: 31 32 33 34 35 36 37 38 39 40 Mean

As (%): 36.88 38.5 38.25 38.18 38.2 38.05 37.67 38.11 37.71 38.67 38.022
Se (%): 63.12 61.5 61.75 61.82 61.8 61.95 62.33 61.89 62.29 61.33 61.978

Table F.6: Summary of the results on the chemical composition in the cladding of a IRF-Se-12 optical
fiber obtained by EDX.

Site: 48 49 50 51 52 53 54 55 56 57 Mean

As (%): 35.34 35.84 35.51 35.86 35.77 35.86 35.78 35.36 35.88 34.99 35.619
Se (%): 64.66 64.16 64.49 64.14 64.23 64.14 64.22 64.64 64.12 65.01 64.381
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F.3 PCF-GeAsSe

Figure F.7: SEM images of the sites used to do EDX measurements of the core and the cladding
of the PCF-GeAsSe optical fiber.

Table F.8: Summary of the results on the chemical composition in the core of a PCF-GeAsSe optical
fiber obtained by EDX.

Site: 31 32 33 34 35 36 37 38 39 40 Mean

As (%): 23,22 23 22,58 22,96 22,94 22,47 23,02 22,43 22,59 22,57 22,778
Se (%): 65,74 65,42 66,4 66,08 65,73 66,74 66,22 66,7 66,81 66,44 66,228

Ge (%): 11,04 11,58 11,02 10,96 11,33 10,78 10,76 10,87 10,6 10,99 10,993



APPENDIXG
Thermal Power
Measurements

G.1 Lens Loss Measurement
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Figure G.1: Plot of the measured power before (P1) and after the focussing lens. The data
extracted and used to estimate the average lens loss has been highlighted.
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G.2 IRF-Se-100 Power Measurements
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Figure G.2: Plot of the measured power at P1 (before) and P2 (after) the IRF-Se-100 fiber. (a)
Before imprinting. (b) After imprinting the input facet. (c) After imprinting both
the input and the output facet.
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G.3 IRF-Se-12 Power Measurements
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Figure G.3: Plot of the measured power at P1 (before) and P2 (after) the IRF-Se-12 fiber. (a)
Before imprinting. (b) After imprinting the input facet. (c) After imprinting both
the input and the output facet.
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