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Abstract

Cadmium Telluride (CdTe) alloys are extensively used as IR detection substrates, and
since its discovery in the 1960s [45] it has been the subject of several technological improve-
ments. Among the advantages of CdTe is its customizable refractive index. CdTe has a
high transmission (≈ 70%) over the whole IR range. IR transmission can reach values
of 99% narrow-band, or upwards of 90% average transmission over a broad range(0.45-
20µm). Several anti-reflective methods are examined for transmission optimisation for
CdTe, with varying improvements. Surface roughness is examined, as it is the precur-
sor to moth-eye structures, and found to affect the transmission. Anti-reflective coatings
(ARCs) are used for specific narrow-band transmission, with attempts at dual-band trans-
mission with decent results. Then anti-reflective micro-structures (ARMS) are designed
and simulated with promising results of transmission upwards of 99% for larger bands.
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1 INTRODUCTION

1 Introduction

As technology has kept advancing, the infrared (IR) spectrum has attracted more and
more interest within the scientific communities, especially within detector technology.
This becomes apparent as it is possible today to buy hand held IR detectors of reasonable
quality within consumer prices, when earlier devices needed a steady vacuum, or extensive
cooling methods, and were only available to large companies or the military. The interest
in the infrared is justified through the fact that IR spectroscopy is an integral method
within most of the sciences. All objects which carry heat radiate in the IR, making almost
everything visible to some degree in the IR. To make these detectors, some material must
allow the radiation to reach the detector, and this material is Cadmium Telluride. This
semiconductor works as an entrance window for the radiation to reach the optoelectronics
inside, and hence the transmission window must be optimised for the IR to make sure
the electronics can work with as much radiation as possible. Therefore, several methods
that optimise the IR transmission for CdTe is discussed here.

1.1 Objectives of this thesis

The main goal of this thesis is to improve the electromagnetic (EM) transmissivity of
CdTe for both narrow and broad transmission bands, and identify useful anti-reflection
(AR) techniques for the highest peaks in the atmospheric window. This will be done
by applying either a single layered anti-reflective coating (ARC), or by nano-structuring
the surface with anti-reflective micro structures (ARMS). Comparisons will be made, and
designs from the literature are tested. The summarised goals are to

• Simulate the broadband IR transmission for untreated CdTe.

• Identify effects that affect IR-transmission for CdTe.

• Simulate anti-reflective coatings for the atmospheric window peaks, and determine
optimal parameters for said coatings.

• Coat the CdTe substrate in a anti-reflective material and measure the new trans-
mission bands.

• Compare findings with a reference material - namely Silicon.

• Design and find useful configurations of ARMS for CdTe and create these in Lumer-
ical FDTD.

• Simulate nano-structured surface for CdTe.

• Compare results with literature.

1



1.2 Thesis outline 1 INTRODUCTION

1.2 Thesis outline

First, some theory for the mechanisms of transmission is explained and described, as well
as the material specific properties which will affect the results. Several anti-reflective
techniques and designs are presented and discussed, including some mechanisms for how
they work, and which will be the best designs. A short dive is done into the fabrication
techniques and other difficulties in working with these materials. The general setup for
the simulations is explained in the methods section, along with some basic analysis into
the packing of the materials. Finally, the simulations are presented in the results, along
with some initial experimental results are performed, such as AFM measurements of
the surface, and FTIR measurements of the transmissivity. Lastly the discussion and
conclusion where the success of the designs studied is discussed.
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2 THEORY

2 Theory

The physics behind the mechanisms for transmission are fortunately not riddled with
abstractions and heavy mathematics, but some formulation must be acknowledged. First,
the physical mechanisms for EM-radiation in a medium boundary must be understood
to analyse how the methods presented work, and why such methods are selected. It is
also useful to understand the working environment of the devices this technology is for.
Some materials science is necessary to understand the design choices made in the earlier
development of this technology.

2.1 IR technologies

Infrared light was only ”discovered” around 200 years ago, and like many other scientific
discoveries, it was somewhat of an accident. Sir Frederick William Herschel wanted to
measure the energy distribution in different colours of light in the atmosphere. He did
so by splitting the light in a prism, and then pointing a thermometer onto each colour,
so that he could see how fast the temperature would rise per time ”per colour”. He was
surprised to see that the temperatures rose faster the closer to red light he measured.
Because of this rising energy distribution towards the red light, he decided to point a
thermometer further out than the red light - in a invisible region - and he discovered that
the temperature here was higher than any other point. He had just discovered ”invisible”
light beyond the red - hence infrared. Until recent launch and successful deployment of
the James Webb Telescope in December 2021, the Herschel Space Observatory (in his
name) was the largest infrared telescope ever built, and was used to gather a plethora of
astronomic data.

The infrared range covers 0.7 - 1000 µm, and is subdivided into several smaller ranges
as shown in table 1. These subdivision are selected because each range covers many
different fields of science. In addition, the IR spectrum encompasses the atmospheric
windows, which are the wavelengths of light that reach the ground on earth, from the
sun. This window can be seen as the optimal transmission wavelengths for transversal in
air, and will be used to compare the results. In chemistry, one can use IR to analyse and
categorize molecules, their movement and energy distribution (degrees of freedom), and
the same mechanisms which make IR useful in these applications, cause large absorption
bands in the atmospheric windows. In astronomy, one can see the temperatures of celestial
bodies by measuring its black-body radiation according to Wien’s displacement law, which
describes the spectral emission from an object based on its temperature. IR thermal
imaging can be used by emergency services for search and rescue missions. It is heavily
used by the military for IR thermal imaging by satellite, tracking systems for rockets and
much more

4



2.2 Cadmium Telluride 2 THEORY

Table 1: Overview over the ranges (wavelength, frequency and energy) and names and
abbreviations of the infrared bands.[35]

Name Abbreviation Wavelength Frequency Photon energy

Near IR NIR 0.75-1.4 µm 214-400 THz 886 - 1653 meV
Short-wavelength IR SWIR 1.4-3 µm 100-214 THz 413 - 886 meV
mid-wavelength IR MWIR 3-8 µm 37-100 THz 155-413 meV
Long-wavelength IR LWIR 8-15 µm 20-37 THz 83-155 meV

Far IR FIR 15-1000 µm 0.3-20 THz 1.2-83 meV

IR has a major advantage to visible light when trying to observe with EM-detectors,
namely that everything that holds heat, radiates in the IR. This makes it possible to
view warm objects even through a colder environment, like a flash light in a mist. When
viewing in the visible light spectrum, one is dependent on the background radiation which
is caused by scattered photons in the atmosphere. When detecting IR radiation on the
other hand, there is no need for the reflected background radiation from external light
sources. But rather everything that contains heat will radiate IR radiation though black-
body radiation. A blackbody is an object which absorbs all radiation and re-radiates it in
a different wavelength - mainly in the IR. This will be described in greater detail below.
Some modern IR detection-devices generate their own background - like a camera uses
flash to light up a room - and are called active detectors. Passive detectors on the other
hand, will only detect the radiation that emanates from the environment. Detection in
the visible range means more light - hence more information, and better signal to noise
ratio. However, IR technology can use the fact that an ambient homogeneous temperate
scene generate close to no contrast, allowing easier detection of warm surfaces, such as de-
tecting surface temperatures by hand held devices, finding people in search-and-rescues,
molecular vibration-detection, gas detection/analyser.

While IR detection is usually done passively by detecting radiation emanating from
either a blackbody or a specific chemical process. This means that detection in a pitch
black room is possible (night vision), or detection through smog/mist. IR sensors makes
it possible to measure temperatures wirelessly with a IR thermometer, or measure the
humidity with an active IR absorbance meter. There is an abundance of applications for
IR detection in the whole range, and so, improving the transmission into the detectors
allows for even more sensitive data, and new applications.

2.2 Cadmium Telluride

CdTe is a II-VI semiconductor alloy with a wide range of applications from optoelectronics
[8]. CdTe has a closely optimal band gap of ≈ 1.52 eV (≈ 0.81 µm) in room temperature
and a low absorption coefficient [50] above the band-gap (wavelength). Its applications
range from infrared windows in high-energy CO2 lasers, to microwave generation, light
absorber in high-efficiency solar panels, substrate for IR detectors, and much more [36].
Additionally, the high average atomic number, high band gap and sufficient electron- and
hole-mobility lifetime makes it useful in nuclear particle detection. CdTe has a very wide
transmission range (0.85-30µm), but with a relatively high refractive index of ≈ 2.73.
This high refractive index is the reason for the large Fresnel reflection losses observed [8]

5



2.2 Cadmium Telluride 2 THEORY

- more details will follow.
Ever since its discovery as a material with remarkable IR-optoelectronic properties, ex-
tensive research into what surface coatings can be applied to it for increased light trans-
mission has been performed. Then more recently micro structuring the surface has been
explored to customize its surface properties like spectral transmission, hydrophobia and
contamination resistance, and angle of incidence dependence for the transmission [10].
Both of these techniques (surface coatings and micro-structuring) will be explored later
in the thesis. The refractive index of CdTe has a spectral dependence [6], and as such, a
reliable set of values for the indices in the ranges 0.45-20 µm must be used.

The refractive index for CdTe reported by several providers are shown in figure 1
below. The datasets each cover different intervals, with the datasets from Hl̀ıdek and
Palik covering the entire range. The agreement between the datasets is very good. These
data sets will hereby be referred to as only ”Hlidek”, ”Palik”, ”Reading” and ”Marple”.
Additionally, the transmission band for CdTe around 0.45-20 microns reported from two
professional providers, and FFI (Forsvarets Forskningsinsitutt) is shown below in figure
2.

Figure 1: Refractive index for CdTe reported from different datasets: [18], [33], [26],
[40]. These data are extracted from low-resolution papers, and hence the data-point ex-
traction are limited by this resolution.

6



2.2 Cadmium Telluride 2 THEORY

Figure 2: The transmission spectra for bare Cadmium Telluride reported from three
CdTe providers [30], [32], [12], and the university of Reading [40].

CdTe in its early days seemed like the ”go to” material for IR optoelectronics and
visible light photovoltaic applications because of its high transmissivity in the IR range,
and high absorption in the visible range. In modern times though, it has been acknowl-
edged that alloying could produce new properties, or allow customization of properties.
It didn’t take long from the discovery of CdTe before zinc and mercury was introduced to
the alloy, allowing for a wider collection of use cases. Two of these alloys are of particular
interest because of their wide range of applications in IR optoelectronics, and will be
discussed in the following chapters.

2.2.1 CdZnTe - CZT

Alloying CdTe is a great way to produce further tailored properties. For this reason, zinc
has been applied to CdTe almost since it discovery. The addition of Zinc allows precision
customization of the lattice constant, which is very helpful when layering different alloys,
and CdZnTe (CZT) is often layered with HgCdTe (MCT) [50]. In addition, CZT shows
very similar transmission properties for the IR range in question (3-5 & 8-12 µm), with
a 21% reflection in the 7-14 micron range. Zinc also has the effect of improving the
mechanical strength of the alloy, and helps produce a less fragile substrate. This does not
come without caveats, however. Telluride segregates during crystal growth, producing an
inhomogeneous distribution in the lattice, but it has also been determined that Zn also
does this, causing even further inhomogeneity. There are methods to avoid this, but the
introduction of Zn produces some more complexity to the crystal production.
For the most part, CdTe and CZT display the same properties in simulation, as their
refractive indices are very similar. Therefore most analyses done with for example FDTD
simulations in Lumerical can be extended to CdZnTe applications, but clearly other
concerns must be addressed, such as chemical compatibility and precision measurements
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of material properties should be redone for CZT if this is to be extended to experimental
work.

2.2.2 HgCdTe - MCT

Mercury Cadmium Telluride (MCT) is in the literature known as the most important
semiconductor material for middle and long wave IR (3-30 µm) photo detector, but it
has been attempted to be replaced for a while because of its main caveats [44]. One
of the large drawbacks of HgCdTe is the weak bond between Hg - Te. This means that
during production, the temperature must be quite low in comparison with normal working
temperatures for alloys. Among the reasons as to why HgCdTe has not been replaced yet
are found to be extreme flexibility, as the refractive index can be tailored for the whole
IR region. Additionally the lattice parameter difference between CdTe and HgCdTe is
close to zero (≈ 0.2%). This allows both CdTe and HgCdTe to work as either substrate
or coating with little to no lattice mismatch stress between the boundaries, and even
this small mismatch can be compensated for by alloying either two materials with trace
amounts of Zinc or Telluride.

2.3 Silicon

Silicon is the most important semiconductor in the world, as it is the key component in
all integrated circuitry, and it has dominated the electronics industry for 40 years [43].
This has industrialised the production of high quality crystals, which is a requirement for
its use in optoelectronics. Silicon, whose physical and optical constants are well know,
serves itself well as a substitute for other expensive materials for optoelectronic research -
in this case, as a substitute for the CdTe substrates. The refractive index for Si is ≈ 3.43
for the IR region [13], which is quite high for transmission purposes, but circumventable.
Si has a wide transmission band of 0.85− 20µm [20]. Moreover, it has a bandgap of 1.12
eV (1.07µm), and hence is highly absorbing in the Near IR (NIR) bands. Additionally,
the complex refractive index is quite sensitive to crystal quality - and hence absorption
is heavily dependent on the crystal quality [20].

2.4 Mechanisms of EM transmission and reflection in
semiconductors

The conditions for the transmission of electromagnetic radiation into a medium are gov-
erned by the boundary conditions between the two media surfaces, and the frequency of
the incident rays. By solving Maxwell’s equations for a sliver of material in contact with
a second material, one gets the boundary conditions (i-iv) below, given that the media
do not contain bound charges (media must be linear) [16].

(i) ε1E
⊥
1 − ε2E⊥2 = 0, (iii) E

‖
1 − E

‖
2 = 0

(ii) B⊥1 −B⊥2 = 0, (iv)
1

µ1

B
‖
1 −

1

µ2

B
‖
2 = 0
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Here, E is the electric field, B is the magnetic field, ε and µ is the permittivity and
permeability respectively. Suppose a plane wave traveling in the z-direction, hitting the
material. The incoming wave is described by:

ẼI(z, t) = Ẽ0I e
i(k1z−ωt)x̂

B̃I(z, t) =
1

v1
Ẽ0I e

i(k1z−ωt)ŷ (1)

The reflected wave is described by:

ẼR(z, t) = Ẽ0R e
i(−k1z−ωt)x̂

B̃R(z, t) =
1

v1
Ẽ0R e

i(−k1z−ωt)ŷ (2)

and lastly, the transmitted wave into the medium:

ẼT (z, t) = Ẽ0T e
i(k2z−ωt)x̂

B̃T (z, t) = − 1

v2
Ẽ0T e

i(k2z−ωt)ŷ

Here, the tilde implies that the complex amplitudes are used. The k is the wave
number for the wave function, t is time, and ω is the angular frequency. At the medium
boundary the sums of the electric fields must be the same on each side:

ẼI + ẼR = ẼT (3)

Now, (iv) can be rearranged by using B1 = BI +BR and formulas 1 and 2.

1

µ1

(
1

v1
Ẽ0I −

1

v1
Ẽ0R) =

1

µ2

(
1

v2
Ẽ0T )

⇒

ẼI − ẼR =
µ1n2

µ2n1

ẼT

for which the amplitudes can be solved with (1), which gives

ẼR = 1−β
1+β ẼI , ẼT = 2

1+β ẼI , β = µ1n2
µ2n1

For most media, the permeability is almost the same as the value for vacuum, and so
β can be rewritten as β = v1

v2
. Using this and the fact that reflection and transmission

are both ratios of reflected versus incident light, and transmitted versus incident light,
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the amount of reflected and transmitted light from one media to another can be written
as:

R ≡ (
n1 − n2

n1 + n2

)2, T ≡ 4n1n2

(n1 + n2)2
(4)

For which the sum (R + T) must equal 1. For these equations, it is trivial to see
that the reflection goes to zero as the refractive index difference goes to zero, or as n1

nears n2: n1− > n2. This implies that there are some basic gradient index of refraction
methods which gradually increases the refractive index between the media which would
work very well at avoiding reflection. These methods will be discussed in detail below.

2.4.1 impedance matching

Another way to describe how an EM wave is reflected or transmitted, is by imagining the
wave as a 1D string. Then the amplitudes of the incident, reflected and transmitted wave
can be described by (3). In wave form on the other hand, the equation takes a different
shape:

ψI + ψR = ψT (5)

Where ψx is the wave function for incidence, reflected and transmitted waves respec-
tively. Clearly, just like general waves, the wave must adhere to the generalized wave
function and its boundary conditions on each side of a medium change presented below
(6 and 7).

[
∂2

∂t2
− v2 ∂

2

∂x2
]ψ1/2 = 0 (6)

ψI(0, t) + ψR(0, t) = ψT (0, t) (7)

T1
∂ψ1(0, t)

∂x
= T2

∂ψ2(0, t)

∂x
(8)

Here the T stands for the material tension, and is described by T = v2µm for a
string, with µm as the linear mass density of the string, and v is the material speed of
sound. Now imagine that the string is attached at a junction, after which a new string
is attached to the first string, but with different material properties(such as density or
stiffness). What then happens with an incoming wave from the first string, and onto
the junction? Depending on the difference in material impedance, the wave will be
proportionally transmitted or reflected. If the impedance difference is large, then the
transmission of energy will be resisted, and high reflection is observed. It can be shown
that (5) describes the left and right side of the junction, and applying the boundary
conditions (7), one arrives at:
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ψR =
T2
v1

+ T1
v2

T1
v1
− T2

v2

ψI (9)

This relationship describes the amplitude of the reflected wave for a given material
boundary with tensions T1 and T2, wave speeds v1 and v2 (light speed for EM radiation),
and incoming wave amplitude of ψI . For any given medium, the material impedance is
defined as Z = T

v
, and in a homogeneous material the EM wave impedance is everywhere

equal to the intrinsic impedance of the medium. Hence, the fraction in the above formula
(9) describes the reflection coefficient, and the transmission coefficient can be calculated
by substituting (9) into (7):

ψR = RψI , R =
Z1 − Z2

Z1 + Z2

(10)

ψT = TψI , T =
2Z1

Z1 + Z2

(11)

These equations imply that there is a ”perfect” method of achieving perfect trans-
mission - simply match the material impedances for the whole material boundary. This
can be translated to a matter of having a gentle slope for the gradient of the refractive
index, as can be seen by the similarities of the reflection and transmission coefficients
calculated by Maxwell’s equations, and the coefficients achieved by impedance matching;
they are the same calculations but with different abstractions. The maths seems opti-
mistic on paper, which is reflected in the lack of perfect transmitters out in the world
today. ”Simply” matching the impedances implies an infinitely slack slope of the gradient
of refractive index, which implies infinite thickness of the anti-reflective layer, which is
clearly impossible.

2.5 Absorption

CdTe has high optical absorption close to its bandgap of 1.52 eV, but it rapidly decreases
- From around 104 at 1.52 eV to 101 at 1.45 eV [1]. This low absorption at longer
wavelengths allow for almost all the EM radiation to reach the detector through the
substrate, which is why CdTe is a lucrative material for use in IR optics.
For an uncoated and polished chip of CdTe, the optical transmission at normal incidence
with backside-reflection lies around 63% [4] (This thesis excludes backside-reflections, as
the device design behind the substrate is not clear at this point). The ranges for the
transmission are determined in the lower wavelengths by the electronic bandgap, and for
the longer wavelengths by lattice vibrations.
For semiconductors there are four principal mechanisms for optical absorption, namely:
Inter-band electronic transitions, fundamental and harmonic lattice vibrations including
multi-phonon processes, impurity absorption, and lastly free carrier absorption. These
factors can be the dominant cause for absorption, but is mostly preventable by using high
quality crystals and polish, and hence excluded unless the crystals used are shown to be
less than perfect. The actual absorption for CdTe in the ranges 0.45-20 µm is close to
zero for the substrate thicknesses used here.
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2.6 Mechanisms of IR emission - Blackbody radiation

All objects in the universe that have internal thermal energy, will emit IR radiation.
An ideal blackbody is an object which absorbs all incoming radiation and re-emits it
in a distribution described by Planck’s radiation law. Most life on earth are a higher
temperature than their background, certainly humans. This means that humans are
blackbodies, and hence radiate in the IR, which they do alot of [14]. Human bodies are
about 37◦ degrees celcius. This can be used with Plancks law of blackbody radiation to
find the emission spectrum. This law shows the spectral power density of a blackbody
per its temperature, and so, solving it will show which wavelengths an object radiates.
Below are presented the formula and its graph for a 37◦ C object.

W (λ, T ) =
2πhc2

λ5
[exp(

hc

λkT
)− 1]−1 (12)

Figure 3: Human blackbody radiation acquired from calculating the spectral power den-
sity of a 37◦C object.

This figure shows that the peak wavelength for the emission from a human is 9.55
µm, for which it is trivial to design a detector with good transmission, as can be seen
later in the results.

2.7 Atmospheric windows and imaging contrast

Almost all IR-detection devices require transmission through air, and as such it is use-
ful to look at which wavelengths transmit the best through air. Air consists of several
high-absorptivity molecules such as H2O, CO2 and O3, which potentially limits the at-
mospheric transmission [46]. Many of these molecules are depicted in figure 4. When
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designing a IR detection device, one either needs to make an active sensor, which gen-
erates its own ”background”, or a passive device, which just detects what is already in
the background. It is in this latter case one has to take into account what radiation
is present. The atmospheric transmission at ground level is limited by the molecules
shown in figure 4, but certain circumstances that change the concentrations in the air
can change the transmission diagram. Larger suspended particles scatter the radiation
regardless of their wavelengths, but for smaller particles (compared to the wavelength)
however, Rayleigh scattering becomes the dominant mechanism for dispersion. Small
particles exhibits higher polarizability, and hence allow themselves to easily interact with
larger wavelengths, behaving like a radiating dipole. Rayleigh scattering has a 1

λ4
depen-

dence on the wavelength. By extending this, one can conclude some useful things about
different weather effects.
After rain, the air contains more water vapour, which scatter IR radiation more than air.
During a forest fire on the other hand, where smoke and small particles are suspended in
the air, IR transmission is higher than that of visible light which allows better visibility.
Therefore, studying the environmental conditions surrounding the use cases of IR detec-
tion helps deduce parameters for the detector. This has certainly been done before, so
no deep study goes into this, but it is important too keep in mind.

Figure 4: Solar radiation penetrating the atmosphere and reaching the ground. Including
the highly absorbing molecules and their absorption bands. This implies which wavelengths
penetrate furtherest in air.

Another mechanism that should be considered is the imaging contrast attainable
when measuring passively in the atmosphere. This can fortunately be calculated by
using Plancks radiation law (12). The definition of scene contrast is as shown in (13):

C =
∂W/∂T

W
(13)

Where:

∂W (λ, T )

∂T
=
−2πh2c3

λ6kT
[exp(

hc

λkT
)]−1 (14)
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Here W is the spectral power density for a given temperature and wavelength range.
Solving this equation and plotting for five different temperatures around 270 K yields
formula 14, and figure 5 below.

Figure 5: Calculated scene contrast against background by solving the spectral power
density difference of two objects.

Figure 5 shows that smaller wavelengths are easier to distinguish from each other, as
the contrast is higher. A note should be taken of the solar emission spectrum, for which
the shorter wavelengths are by far more represented, with a peak on green colour (500
nm). A 290 K blackbody radiates 4.1 Wm−2 in the 3-5 µm range, but 127 Wm−2 in
the 8-13 µm range [46]. As a comparison, the radiation measured at ground-level from
the sun is 24 Wm−2 and 1.5 Wm−2 respectively for the same ranges. This implies that
distinguishing an object in the MWIR band (3-8 µm) is easier, as the contrast between
the object and background radiation is higher [46].

2.8 Anti-reflective methods

Most infrared transmitting materials have a relatively high refractive index. Cadmium
Telluride is no different with a refractive index of nCdTe > 2.70 for 300K between 0.45-20
µm. [18]. This high index of refraction causes large Fresnel reflection losses. These high
losses has led to the development of anti-reflective methods which reduce the reflection.
The two most used mechanics to solve this is: layered anti-reflective coatings on the sur-
face - which work by causing deliberate destructive interference in the reflected direction
which allows higher transmittance by reducing reflection. The other method is using a
graded refractive surface, for which the index of refraction will gradually increase from
nair → nCdTe. This would satisfy the transmission mechanics from (4), and theoretically
would allow for extremely low reflection. The interference effects from the anti-reflective
coating have traditionally been caused by coating the substrate with a material of lower
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refractive index, or by stacking alternating low-high index materials. The mechanisms
are the same: they deny reflections by destructive interference in the reflected direction.
Unfortunately, single layer coatings usually have a narrow bandgap and poorer angular
response than the bare CdTe [8], but higher transmission. Multilayered coatings on the
other hand, are expensive, and difficult and time consuming to manufacture and develop.
Additionally, they can be material-specific, meaning the medium boundaries might not
be chemically compatible. Micro-structures in the surface on the other hand, does not
have the narrow band-width caveat, yet it has better angular resolution than the base
material and they are as chemically stable as the base material - though mechanically
vulnerable, as the protrusions are more exposed [19].

Figure 6: Mechanisms of anti-reflective methods (Recreated from [8]). Here (a) is
a layered ARC with three layers all with alternating high and low refractive indices as
indicated by the depth-to-refractive index plot below it. (b) is also a layered ARC but with
many more layers, with a graded refractive index, illustrating the goal of micro-structures.
(c) is an illustration of moth-eye structures and their high angle of incidence transmission
properties.

Some examples of ARC transmission improvement are: for photovoltaics, just a basic
ARC on the glass casing can increase transmission by up to 4.3% [5], potentially improving
efficiency from 18% to 18.8%. For lighting fixtures, simple anti-reflective coating on the
surface can increase emission by 4.3-8.6%. Even greenhouses can make use of this, by
coating the glass panels it can increase transmission in the photosynthesis region (400-700
nm) by 8.6% [5].

2.8.1 Layered anti-reflective coatings (ARCs)

By stacking one or more layers of high and low refractive index materials, one can create
an interference filter, which causes destructive interference in the direction of the incom-
ing light, increasing transmission directly by preventing reflection [5]. They consist of
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either a single layer, or stacks of low absorption coefficient layers, alternating between
high and low refractive index. If it only has a single layer, then the coating is chosen
from a group of materials with lower refractive index than the substrate, such that the
refractive index transition is lower from air to the ARC. For this to work efficiently,
the layer is usually tuned to a specific narrow wavelength band, and as such has poorer
broadband applications. Additionally, because of the interference effects of the layer, the
transmission will vary periodically dependent on the coating thickness.
It is also possible to stack several layers, allowing for custom tailoring of the transmis-
sion band. This thesis will focus on single layered ARCs, as multi-layered ARCs are
quite complicated to fabricate. These coatings are usually used when the application is
narrow-band, or some specific material is preferred. In the Table below some single-layer
coatings are presented from the literature. Some of the coatings found in the literature
only had a sharp transmission peak, while others had a relatively broad band around the
transmission maximum. They are also not all specifically for IR, but are included for
comparison.

Table 2: Overview over some modern ARCs, as reported from the literature. Unfortu-
nately, some vendors do not disclose the coating material. (DLC = Diamond like carbon).
*vendor has not divulged the coating material. **not IR range but used for illustration
of the possibilities.

Substrate Coating Range (µm) max T (%) Peak λ (µm) Source

Ge DLC 2- 14 97 11.5 [21]
Si DLC 3 - 5 97 3.8 [31]

ZnSe * 1 - 18 97 5.5 [21]
”VisiClear” * 0.425 - 0.675** 99.5 0.51 [52]
”Cleartran” Y bF3 2 - 14 82 8.5 [27]
Al2O3 MgF2 0.4 - 0.7** 99.5 0.55 [42]
Si SiO 0.4 - 1.1 99 0.74 [39]
Si CeO2 0.4 - 1.1 96 0.84 [39]
Si ZnS 0.4 - 1.1 99.5 0.75 [39]
ZnS DLC 2.5 - 10 96 2.5 [54]
SiO2 HMDS & PMMA 0.4 - 2.4 94 0.6 [53]

To tailor the coating to its wavelength one has to optimise the film-thickness to get
the most out of the coating. This can be done using the formula described below, which is
a geometric method for ensuring that the incoming waves destructively interfere as much
as possible with the reflected waves from the substrate; When two materials are layered
on each other - lets say oil and water - and they have different refractive index, then
the incoming wave will reflect both in the air-oil boundary, and the oil-water boundary.
The interference between these waves will be destructive or constructive in the reflected
direction, depending on the thickness of the film. A simple illustration is shown in figure
7.
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Figure 7: Single layer thin-film reflection illustration. Even though ARCs here are for
normal incidence, the incoming wave is drawn at an angle to better illustrate the situation.

As the reflection is intended to be destructive, the wave reflected off the oil-water
boundary must be out of phase with the wave coming from the air-oil boundary. Assuming
always normal incidence, the coating thickness is easy to calculate from the well known
interference formula (d ∗ sin(θ) = mλn) with sin(θ) = 1:

t =
mλn

2
sin(θ), λn =

λ

n
, sin(θ) = 1, m = 1, 2, 3, 4...

Now, if the coating material has refractive index higher than the substrate - in this
case it is air - the wave will undergo a phase shift of 180 ◦ at the interface. So, in this
case the integers in m must be shifted by one half period, and one arrives at:

m′ = m− 1

2
, m′ =

1

2
,
3

2
,
5

2
,
7

2
, ...

So the final formula becomes:

t =
λ

2n
× {1

2
,
3

2
,
5

2
,
7

2
, ...} (15)

This formula describes the thicknesses that have the least reflection loss, and allows
optimisation for any wavelength as long as the spectrally dependent refractive index is
available. For most materials and wavelengths in the IR, this yields a thickness around
0.5-2 µm. Unfortunately, these are thicknesses that are not so easy to deposit on all
materials, but some will be presented.

Damage resistant AR methods
One of the drawbacks of ARMS are the mechanical stability of the material surface, as
the surface now has more exposed protrusions [19]. The structured surface must retain
its integrity to function properly, but at the same time is more vulnerable to scratching,
deformation, breakage, and contamination than the bare substrate. This can obviously
be minimized by using materials known for their abrasion-resistance and mechanical
strength. Fortunately, the materials examined here are known for exactly this. Alu-
minium and silicon oxides are famous for being remarkably damage resistant [19], and so,
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Sapphire(Al2O3) and Silicon dioxide(SiO2) are examined for anti-reflection. In addition
to these, Diamond-like carbon (DLC) is also examined, as it is an established material
within anti-reflective optics, and diamond is well-known to be among the hardest mate-
rials. These are all materials known for their high rankings on Mohs scale of hardness(9,
7, ≈10 respectively) [47].

ARCs also provide some form of damage resistance, as they protect the substrate
from the conditions the coatings are met with. CdTe, for example, oxidises over time in
air, forming a telluride oxide layer near the surface [36]. It is also a relatively soft metal,
meaning the surface is at risk of abrasive damage. In applications where the sensor is
exposed to the elements, this can prove to be a problem. Luckily, several of the anti
reflective coatings presented here are also very hard materials, and prove them selves to
be both chemically and mechanically much more stable than the substrate. This is some
of the motivation behind looking into Silicon Dioxide(7 on Mohs scale of hardness) and
Aluminium Oxide(9 on Mohs scale), both of which are used as abrasives because of their
mechanical hardness.

2.8.2 Anti-reflective micro-structures (ARMS)

Instead of coating the substrate with a second material, it is also possible to create micro-
scopic structures on the surface, creating a surface with a graded refractive index - this
is the purpose of anti-reflective micro-structures. By applying periodic, sub-wavelength
structures onto the material, one can improve the transmission properties - direct trans-
mission, angle of incidence and transmission band-width. The inspiration for this comes
from nature, where the colour blue is generated almost exclusively by micro-structures.
Bio-mimicry is the process of identifying a desired trait or property generated by na-
ture, and then reproducing said ability with the use of technology. A great example are
blue animals. Most animals turn a certain colour after consuming relevant pigments, like
flamingos turning pink because of the red pigments in their diet - shrimp. There is on
the other hand, almost no blue pigments in nature. This is because blue makes up the
most significant part of the energy budget for photosynthesis, and so almost no plants
dare reflect away the precious blue light they need to grow. With a lack of blue pigment
one would expect there to be no blue animals, alas, butterflies, spiders, colibris and pea-
cocks all display radiant and clear blue colours, though with a lack of pigment - They
display structural colour [56], which is when the colour is generated by micro-structures
rather than by pigment, as seen in figure 8, where the micro-structures on the wings of
butterflies is illustrated.
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Figure 8: Structures responsible for generating structural blue in butterfly wings [56].
Though this is not the same effect as ARMS generate, they are both examples of nano-
scale effects.

When the photons come in, only the ones with wavelength close to the distance of the
hairs on the trees will be reflected, as they will resonate and interfere constructively with
the incoming waves. So the structures work as a reflection filter for only the blue colour.
A note to be taken is that the mechanism for these close to mono-chromatic reflections
is not the same for transmission optimisation, but serves as illustration of the power of
wavelength-sized structures.

There are many advantages of Anti-Reflective Micro-Structures (ARMS), as they do
not depend on the bonding and cohesion of different materials like ARCs do, as the struc-
tures consist of the same material as the substrate - doing this avoids placing mechanical
stress because of lattice parameter mismatch and thermal expansion mismatch, as the
lattice constants are identical, causing no mechanical strain because of repeated expan-
sion and contraction (through heating and cooling from the environment). Additionally,
the structures improve the omni-directionality of the transmission into the surface, as
even low angles towards the surface will see a graded surface, making them better in
both broad-band and angle-dependence [15], and they minimize surface interference ef-
fects which are very apparent in ARCs or with just bare substrate, which will be seen in
the results.

The most popular structure for anti-reflection is called Moth-eye, and are inspired
from the eyes of moths, which are known for excellent night vision [2]. They are a group
of geometric protrusions, and are illustrated in figures 10 and 11. For a basic moth-eye
structure, the most important metrics for the geometry are the base radius, the height
and the radius of curvature (ROC). These are correlated mathematically, and they are
dependent on the function used to define the moth-eye. In most applications, the moth-
eyes are parabolic cones defined by f(x) = ax2, a 6= 0, and this is what is used in this
thesis, with a = 1. The radius and height are here treated as the free variables, and the
ROC is defined through them. The ROC at height y and radius x is calculated from the
curvature of a curve, and can be found to be:
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p0 = (
y′′

(1 + (y′)2)
3
2

)−1

p0 = (
1

2
+ 2x2)

3
2

Where p0 is the ROC. The geometry of the cones are here defined only using the base
radius, the height, and their distance from each other, so the ROC is not necessary for
this thesis, but as they are used quite a lot in the literature, they are included.

Another very useful metric is the packing fraction (PF), which can be calculated from
the relationship between the area of a hexagon, and seven circles in a plane as seen in
figure 9. This will be used to calculate the gradient for the refractive index by calculating
an average effective refractive index from the height-dependent packing fraction. The
foundation of this method is based in the effective medium theory [15], which states that
the effective refractive index of a mixed medium can be calculated by summing up the
constituent indices for each material. For moth-eye structures for example, the ”mixing”
occurs between the pillars, where the effective index would be the weighted sums between
the CdTe pillars, and the air gaps between. Setting up a hexagonal area centered on a
pillar, and all corners in the centres of six other pillars, the area can easily be extended
to define the whole ARMS structures by arranging these areas in the plane:

Figure 9: Packing fraction for hexagonally arranged pillars with tapering radius.

The area of a single circle and the area of a hexagon are respectively:
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Ap =πR2

Ahex = 6
√

3r0
2

With a equals to the radius of the base of the pillars, R equals the height-dependent
radius, which is r0 for h = 0. From figure 9, it can be seen that one whole pillar, and six
one-third pillars are encompassed by the hexagon, meaning a total of 3 pillar areas inside
the hexagon. The packing fraction is therefore:

PF =
3Ac
Ahex

=
πR2

2
√

3r02

This can be solved for the height of the pillar, by acknowledging that from the defi-
nition of this parabola, that R =

√
h =>

PF =
3Ac
Ahex

=
πh

2
√

3r02
(16)

This can be used to calculate the effective refractive index per height. The index
of refraction of a mixed material, such as an interface between air and moth-eyes. The
effective refractive index is the weighted sum of the material areas in the plane, per height,
this sum was calculated in (16). The effective index for the moth-eye boundary between
substrate and ambient is therefore:

neff = PF ∗ nsub + P̄F∗ambient

With P̄F = 1 − PF . A plot of the gradient is presented below. This was done by
letting R2 = h scale from 0 to its maximum height/radius:
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Figure 10: The effective refractive index for (y = x2) parabolic Moth-eyes, with
nambient = 1 and nsubstrate = 2.73 used as examples

There are several different types of nano-structures one can choose from when design-
ing an anti-reflective surface. This thesis will only follow up on Moth-eye structures, but
it could be helpful comparing with others:

Moth-Eye: Moth-eye nano structures are inspired from the pillars on the surface of the
eyes of nocturnal moths. These pillars provide a smooth gradient to the refractive index
between air and substrate, and thus should as the theory describes be a low reflection
surface. Typically, the pillars can be either truncated cones (1), rounded cones (2), or
anti-moth-eye (3). All these structures will be investigated, and presented in the results.

Figure 11: Different examples of what constitutes moth-eye AR structures. The first
ones are called truncated cones, the second are referred to as rounded parabolic cones, and
the last structures are either inverted moth-eyes, or spikes

Sub-Wavelength Structures: Another structure technique for anti-reflection is by
fabricating very small and dense posts, or holes in the surface. These sub-wavelength
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structures are more like an array of posts or holes which provide anti-reflection by tailoring
the effective index of refraction in the surface. This is done by manipulating the texture
fill factor [25] - the relationship between open areas to solid material - by either making
the posts/holes wider, or by packing them closer together. Then the structure height is set
to be one quarter-wave optical thickness at the effective index [25]. Far more complicated
structures can be made with dual and triple-band anti reflection performance by further
deepening the structures and introducing more complexity, but the standard post design
works by halving the boundary refractive index gradient, and the posts serve as higher
surface area, which helps in omni-directionality. This structure is omitted from this
thesis, as its predictions for transmission are lower than for moth-eye and colloids.

Figure 12: Sub-wavelength post illustration. Here the holes effectively halve the effective
refractive index in the surface, if the posts and hole are of the same sizes. This size
relationship can be changed to tailor the effective refractive index.

Colloids: An easier method of depositing micro-structures is by embedding spheres
of high transmission material into the substrate, as illustrated in figure 13 below. The
colloids only needs to be deposed and embedded in the substrate, and so could provide it
self to be a cheaper and easier solution. As opposed to micro-structuring which requires
a complete and difficult process. The literature presents good short-band results, and
serves as proof of concept [3, 22, 23]. These structures are included in the results and
discussion, as they seem to be a cheaper method of achieving some anti-reflection.

Figure 13: An example of embedded colloids in substrate to generate both a graded
refractive surface, and possible an anti-reflective coating. The colloids are deposed onto
the surface and hence the substrate and the colloids do not overlap much.

Random Texture AR Microstructures: A very similar approach as the Moth-eye,
the random textures provide better broadband transmission, and lower interference and
diffraction. This method uses a statistical distribution to make pillars similar to the
moth-eyes, but with heights and widths randomized within the distribution. Because
of the lack of periodicity, interference effects are reduced. Random-textured moth-eye
structures have theoretically roughly the same transmission as standard moth-eye struc-
tures. Unfortunately, these structures are not included in the results, as drawing them
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in a simulation program is quite time consuming. They are on the other hand, predicted
to perform somewhat better than for normal ME.

Figure 14: Random texture structure illustration

Nano-rods: A relatively new method which fulfils many of the same design charac-
teristics as moth-eyes are deposition of nano rods. These can arguably be applied by
simpler methods, and generate some of the same gradient refractive index, though often
with a sharper curve. For nano-rods, as the structures aren’t tapered them selves, it is
the distance between the tops which help define the curve of the gradient to the index.
Alternatively, the structures can be deposed at an angle, generating a little smoother
curve, and leading to new angle-of-incidence effects. Unfortunately, these structures are
not studied in this thesis.

Figure 15: Illustration of what nano tubes in the surface might look like. They can be
normal-facing, or tapered at a certain angle.

All of these structures have their own unique effective refractive index gradient, as
well as some unique surface characteristics. It must be noted that the exact gradients for
the refractive indices is dependent on the exact geometries, and so, the tapered cones for
example, with a smaller top radius, would start from a lower refractive index.
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Figure 16: Effective refractive index of the four most common geometries for ARMS,
and an experimental method (colloids). Using the CdTe-air boundary (nCdTe ≈ 2.63 and
nair = 1) as examples for the refractive indices. Here the coating and substrate consist of
the same material.

Now, following the theory, some things can be said about the most important input
parameters of the simulations - the radius and heights of the micro-structures. As figure
16 is normalized to a unit depth size, it does not illustrate the fact that the height of the
structures determine the magnitude of the gradient at any point. A 7 µm high structure
clearly has a smoother gradient than an identical but 1 µm one. In addition to this, the
height versus wavelength relationship has a large effect on the bandwidth of the trans-
mission. Short structures will not work as an AR for long wavelengths, as the waves will
be too large to ”perceive” the AR mechanism. This strongly suggest that the gradient
will have slightly different shapes for different wavelengths, and become less ”graded” for
longer wavelengths.
Now, the radius on the other hand, will instead affect the packing fractions in different
ways, and therefore affect the curve of the gradient. The different geometries can be
viewed just as different radius relationships, and from figure 16, the different curves can
clearly be observed. Now, if one holds the geometric shape constant and only varies the
radius, the differences would not be dramatic as long as the sizes are within the size range
of the wavelengths.
It should be noted that it seems that colloids have a smoother gradient than moth-eyes,
but this can be misleading. The gradient for the two structures for the same height
is indeed in the colloids favour, but one must remember that the moth-eyes are often
much taller than the colloids, causing the gradient curve to be distributed over a typi-
cally much longer interval, than for colloids, yielding a generally smoother gradient for a
typical moth-eye, compared to colloids when displayed in a truncated range as in figure
16. A complete figure containing all the relative gradients will be presented in the results
containing all the proportional curves.
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2.9 Fabrication and process techniques

One of the drawbacks of the materials discussed here are the expenses when it comes to
production of high-purity single crystals. Luckily, high-quality bulk material is readily
available from commercial vendors, though at a relatively steep cost. A lucky student can
now acquire 6N (>99.9999%) [49] purity CdTe crystals, and in many cases even greater
purity (9N), if one excluded the carbon, nitrogen and oxygen content.

2.9.1 Fabrication of CdTe bulk crystals

The production of CdTe in bulk crystals has not necessarily become easier, in spite
of the technological advances in crystal growth. In of its relatively moderate melting
point, and vapour pressures if its components, the growth of the crystal it self proves
to be difficult [49]. An incredible amount of effort has been put into characterisation of
the three phase diagrams of Cadmium Telluride - Temperature vs. composition (T-x),
pressure vs. temperature (P-T), and lastly its full phase diagram (P-T-x) is assembled.
Understanding its phase-diagram is imperative for the controlled crystal growth of CdTe.
The stoichiometry of the crystals is heavily dependent on deviations in its growth, and
hence affects the semiconducting properties of the finished crystal - and as such - heavily
affects its optical properties [49].
In summary, just about all techniques of growth of semiconductor material has been
applied to CdTe, yet only some specific methods are in use [49]. Roughly, the methods
can be divided into classes: Stoichiometric- (melt-growth), and off-stoichiometric melts
(solution growth). Vapour growth by sublimation or by chemical vapour transport, and
lastly solid state growth. These will not be described in detail here.

2.9.2 Anti-reflective coatings

Coating a substrate with a new material requires material specific knowledge to make
sure that incompatibilities are avoided. HgCdTe (MCT) for example has weak Hg-bonds,
and so by applying heat to the material, the Hg atoms will begin to migrate and separate,
meaning special considerations must be put into the process. The lower boundary for
coating techniques for HgCdTe is 170◦C, which is very low compared to most techniques.
Fortunately, very few materials are as demanding as HgCdTe. CdTe is more forgiving.
Still, some oxidation effects of Te has been observed [36], which are only accelerated at
higher temperatures.
For each combination of materials, care should be taken into which deposition method is
used, and as expected, there are many of methods: sputtering, sol-gel method, chemical
vapour deposition (CVD), physical vapour deposition (PVD), atomic layer deposition
(ALD), filtered cathodic vacuum arc, molecular beam epitaxy, thermal evaporation de-
position, electron beam evaporation deposition, and pulsed laser deposition.

2.9.3 Anti-reflective micro-structures

There are many ways of creating microstructures into the surface of a material, and so
only a few will be discussed here.
An easy and robust technique to print specifically moth-eyes or pillar-like structures is
colloidal lithography. This method involves coating or deposing colloids - uniformly sized
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spheres - of a different material (often silicon), which is used as an etch mask for the
surface. The micro-structure resolution is then only limited by the mask-sizes, which can
be in the nano-meter scale [9]. This technique allows for remarkably complex structures
[9], but it is only the moth-eye-like pillars which are interesting for this thesis, so the
method for these will be taken account of. Monodisperse (single-size) microspheres have
the property that they self-assemble to single layers with a hexagonal close-packing (hcp)
[55], which can be dispersed by capillary forces using a solvent, which later evaporates.
This allows for even spacing of the spheres in the surface. As the sphere position will
define the pillar distancing and width, this spacing is important to get precise [55]. There
are several techniques of getting the sphere crystallization technique just right, like dip-
coating, spin-coating, epitaxial growth, and many more Chan1. After the spheres are
deposed on the surface, then etching is applied. This, too has several different techniques
with different outcomes. The colloids act as shields for the substrate, and as such, all
substrate that is in line of sight from the etch ”gun”, will be evenly etched away. A
simple illustration is shown below in figure 17.

Figure 17: Simple illustration of colloidal lithography process. The colloids are arranged
by surface tension while submerged, then the solvent is removed. Then the reduction-
process is performed which removed material, then finally the colloids are removed.

2.10 Lumerical FDTD solver

To analyse the transmission for different materials and AR methods, a simulation pack-
age was used - namely Lumerical. This package was selected as the software has the
capabilities of simulating in the FDTD (Finite Difference Time Domain) - which is a
method of discretizing a time evolving process, such as propagation of EM waves. This
means that Lumericals FDTD solver can predict how EM radiation propagates both in
media and how they transfer through their boundaries [24]. This is extremely useful when
solving Maxwell’s equations for complex geometries such as micro-structures, as it allows
a discrete solution for a continuos problem. The solver works by first solving Maxwell’s
curl equations in non-magnetic media:

∂ ~D

∂t
= ∇× ~H → (17)
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~D(ω) = ε0εr(ω) ~E(ω)→
∂ ~H

∂t
=− 1

µ0

∇× ~E

With D, H and E as the displacement, magnetic and electric fields respectively. The
εr(ω) = n2 is the complex relative dielectric constant for the media in question, and n
is the refractive index. It is assumed that in Ampère’s law (17) that there are no free
charges, and hence Jf = 0. This system is solved for a 3D structure, which will have
six EM field components: EX , EY , EZ and HX , HY , HZ . If it is now assumed that the
structure is infinite in the z-direction, and that the fields do not depend on z. That is:

εr(ω, x, y, z) = εr(ω, x, y)

∂ ~E

∂t
=
∂ ~H

∂t
= 0

Then the equations are split into their transverse magnetic (TM)(EX , EY , EZ), and
transverse electric (TE) (HX , HY , HZ) components. For the TM, for example, the
system is this:

∂Dy

∂t
=
∂Hy

∂x
− ∂Hx

∂y

Dz(ω) = ε0εr(ω)Ez(ω)

∂Hx

∂t
= − 1

µ0

∂Ez
∂y

∂Hy

∂t
=

1

µ0

∂Ez
∂x

The method then solves these equations on a discrete spatial and temporal grid - a
Yee grid - which is basically a cube with the positions and directions of the magnetic and
electric fields at each vertex, as can be seen in figure 18 below.
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Figure 18: A simple Yee grid where the magnetic vectors are the centre of the faces
of the cube, and the electric vectors are on the edges of the cube. This is a method of
discretisation for the FDTD method.

After the values of each grid point is calculated, its value at the origin of the cube is
interpolated so that the calculations acquiesce in the same point. To generate the Yee
cells, the FDTD method uses a Cartesian style mesh which is automatically generated.
The resolution of this mesh can be manually selected for higher spatial resolution, but
with a steep trade-off in computation demand. Typically, Lumerical auto-generates a
dynamically sized grid [24], depending on the structures in the grid itself, and this option
is used. This was attempted, but this could sometimes dramatically increase the RAM
requirements and the simulation time. It must also be mentioned for the results, that the
transmission and reflection monitors calculate the solutions to the above problem sepa-
rately, meaning that summing the values recorded in both monitors would not necessarily
equate to 1. Some can be explained by absorption, but in several points, the sums are
greater than 1: T + R + A > 1.

2.10.1 Index of refraction data

To solve Maxwell’s equations, one needs to know either the spectrally dependent index of
refraction, or the permittivity and permeability values. All of the data sets used here are
extracted from data sheets from vendors [28, 30, 40, 41], from material databases [38], or
from handbooks on optical constants [33]

2.11 Atomic-force microscopy

Atomic-force microscopy is a relatively easy, but extremely effective method of acquiring
the surface topology of materials. It works by gracing a sharp tip over a surface, recording
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the height of said tip. This creates an array of vectors containing the heights of each point
on the surface. The needle is so light and the cantilever so sensitive, that the forces causes
the cantilever to pivot towards the surface. A laser is mounted such that the cantilever
acts as a mirror, and the pivot of the cantilever causes the laser focus to be shifted. The
laser is reflected off the cantilever onto a target which works as a detector, which will
measure the X-Y coordinates of the laser focus. An example of the images one can acquire
can be seen in below. Figure 19 contains some aligned (in the plane), and reconfigured
AFM data. The data needs to be realigned after the measurement as the substrate might
be on a slope, for which post processing can compensate. A grey scale figure can also be
seen in figure 20, for which a line can can be taken of the surface. The topology along
this line can be seen in figure 21.

Figure 19: Surface topology of a substrate for illustration.

30



2.11 Atomic-force microscopy 2 THEORY

Figure 20: Surface of substrate in 2D.

Figure 21: Height profile of substrate along the blue line in the figure 20 above.

The AFM has several different modes of scanning. Namely contact and non-contact
mode, and static or vibration mode. Non-contact mode is the ”safest” mode, as it will
not affect with the surface in any way. In contact mode, the AFM needle will physically
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be in contact with the substrate, which can give clues as to the composition of the surface
(whether it is hard, sticky, soft and so on). In addition, one can turn on vibration mode,
which will oscillate the needle close to the surface (in non-contact), and the amplitude
differences will generate the height data. When in contact and vibration mode, one can
generate a phase diagram of the vibration and the cantilever response, yielding even more
data on the mechanical properties of the surface.

2.12 FTIR - measuring the transmissivity

Modern anti reflective technology allows transmission upwards of 99%, so when analysing
the transmissions of these materials, a reliable and precise method is required. In this
thesis, the FTIR apparatus was selected for measuring the most important characteristic
for the detectors in question - namely the transmissivity. The Nicolet iS50 FTIR Spec-
trometer at the Departement of Chemistry was used for this purpose. The basics of a
FTIR apparatus can be seen in the figure below. Rather than shining monochromatic
light through a sample, as most other transmissivity measurements are made, an FTIR
works by first having a broadband source emit into a interferometer. Using a moving mir-
ror and a beamsplitter, the interferometer can control which frequencies constructively or
destructively interfere when recombined in the beamsplitter. The constructively interfer-
ing frequencies are then guided towards the sample, and their transmission through the
sample is measured. The measurements are performed in the time-domain, and hence
must be (Fast) Fourier transformed to acquire the transmission data of the material.

Figure 22: A course illustration of a FTIR apparatus. The moving mirror controls the
interference effects originating in the beam splitter.

2.13 Effect of surface roughness vs. smoothness.

When designing materials in Lumerical, the surfaces of the shapes are - unless specified -
unrealistically smooth (completely smooth). This is clearly not a good representation of
a real world metal surface. Even after high quality polishing of real crystals, the surface
will still have microscopic grooves and valleys, as seen in the AFM figure 23. The surface
illustrated has a root-mean-square (RMS) for the structure height of 14.1 nm [48]. The
RMS of a surface is one of the two parameters needed to represent a rough surface, as
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it is described by a Gaussian distribution. The other parameter is the correlation length
which defines the correlation between the heights of the structures.

Figure 23: Surface profile of a CdTe surface after polishing. Recreated from [48].

As a rougher surface would have a somewhat smoother gradient to the refractive index,
one would expect the EM transmission to increase slightly with higher roughness, and
this has been confirmed in a number of texts [7, 34]. Applying the theory from earlier,
the gradient of the index of refraction of a rough surface will be lower than for a smooth
surface, as the protrusions will slowly increase the index almost linearly (depending on
the curves of the structures) from n1− > n2, instead of it being a steep leap, as seen in the
figure below. The smoother the gradient, the higher the transmissivity of the material.
This is the main principle behind nano-structured surfaces, and is illustrated in figure 24
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Figure 24: Index of refraction gradient for smooth vs. rough surface. The gradient here
is not precise, and this only serves to illustrate the difference only a little roughness can
make.

Even after polishing a surface with the best of efforts, one cannot avoid nanoscopic
surface roughness. This roughness will contribute to diffuse reflection, and pseudo random
interference patterns. Additionally, the surface will have more wavelength dependent
transmission and reflection based on the relationship between the feature sizes in the
surface and the wavelengths. Following the theory on mechanisms for EM transmission,
a rough surface will have a slightly smaller gradient in the refraction index, thus allowing
slightly more transmission into the substrate.

34



2.13 Effect of surface roughness vs. smoothness. 2 THEORY

35



3 METHODS

3 Methods

This section describes the methods used during this master thesis. To begin with, the
simulation setup is examined, which is mostly identical for the bare, layered and nano-
structured substrate. Then the fabrication method for the ARC and ARMS are examined,
and lastly the experimental setup for measuring the transmissivity of the different mate-
rials.

3.1 Simulation setup

The simulations were set up in Lumerical as a simple source-target setup, as seen in figure
25 below. The simulation window contains the FDTD environment boundary, the target
material, two 2D EM monitors which measure the relationship between the source out-
put and the monitor input in percent, the EM source, and lastly a movie monitor which
allows one to record the EM radiation traversing the simulation boundary, and view it
in playback. The FDTD boundary ensures that only the relevant objects are included in
the simulation calculations, such that no excess computation is performed. The source
is set up to produce a plane wave, moving towards the target at normal incidence. The
simulation boundaries were set as periodic in both the X and Y plane so that diffuse
reflection is not lost by collision with the simulation boundaries, as this will account for
some of the surface refraction. The periodic property will emulate an infinite array of
the simulation setup, which would be the case in a real world detector, where the surface
would likely be of much larger sizes. The boundaries in the Z direction (along the EM
radiation) is set as a Perfectly Matched Layer (PML), which perfectly matches the ampli-
tude of the EM radiation within the simulation, so that it is perfectly absorbed. This is
so that all radiation that has passed through the monitors are absorbed properly to avoid
counting a photon twice and false readings of interference effects due to back-reflections.
The simulations were setup and run on a home computer with the specs presented in
table 3.

Table 3: Specifications of the hardware for the computer used for simulations.

Component Model Memory Speed

CPU AMD Ryzen 5700X 512KB/4MB/32MB 4.2 GHz
GPU RX Vega 56 8 GB 1156 MHz
RAM Corsair Vengeance PRO 32 GB 3600 MHZ

36



3.1 Simulation setup 3 METHODS

Figure 25: Overview of the simulation setup. 1.EM plane wave source. 2.Simulation
boundary, which ends inside the material to avoid back-side reflections. 3.This is the
overlap between the simulation boundary and the source - it is the output of the source
within the simulation boundary. 4.This is the reflection monitor. 5.This is the material,
which in this case is CdTe. 6.This is the movie monitor, which records the transver-
sal amplitudes in the X-Y plane. Lastly, the transmission monitor, which is inside the
material bulk (not visible in the figure).

In the first setup which was designed for ARCs, the target is exposed to the EM radia-
tion from the source placed 10 µm away, and the transmission monitor inside the material
measures only the radiation entering the material. The reflection monitor placed behind
the source will only be exposed to radiation travelling in the negative Z-direction, such
that all radiation reaching the reflection monitor must have been reflected by the mate-
rial boundary. This thesis only examines the amount of radiation transmitted into the
material, and so interactions such as back-side reflections from the end of the substrate
are not included in the results, as these would require application-specific solutions to
compensate for. This means that the light transmission from the simulations performed
here will be close to an ideal theoretical maximum, which can reach up to 99%, whereas
if the back-side was included then the theoretical maximum would be ≈ 20% lower, as
the interference from the back-side can severely reduce the transmission. This differ-
ence will be attempted to be accounted for. The simulations were run with the source
set to emit radiation in the 0.45-20 µm interval, which is the range this thesis will focus on.

Lumerical has an internal curve fitting tool used for fitting the complex refractive
index (n,k), which was was used for the data sets used for the simulation. This tool
has some caveats, as some data sets can generate singularities (where n → ∞), or roots
(where n→ 0) when fitted - though some customization of the fitting parameters is avail-
able, such as. CdTe clearly showed a spectral dependence for the refractive index, and
as such, complete datasets must be gathered to emulate CdTe properly. Several datasets
were found, as reported in the theory section, but only one was selected as the main
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dataset. Namely the Hl̀ıdek set, as this seems like the most consistent data set as it did
not contain any fitting artefacts - no singularities.

An important aspect of these simulations which is not mentioned much in the liter-
ature is the reflectance of the back-side of the substrate. In this thesis, the back-side
reflections are not included, as this would introduce further interference to the results.
The literature reports a transmission of around 65% for CdTe, measured with FTIR,
which includes the backside reflections. Assuming the front side and backside of the sub-
strate reflects the same amount, and assuming air is the interface medium for both sides,
one could assume that the front and backside account for half of the reflection losses
each, and a test simulation presented below confirms this. This was simulated by first
measuring the transmission into the medium, from the outside, then the transmission
out from the substrate, by having the source inside the substrate, and measuring the
radiation outside. The result of this is figure 26 below.

Figure 26: Front and back reflection from the bare CdTe substrate. Showing that each
boundary makes up about half of the reflection losses each.

3.1.1 Substrate surface roughness

For the first simulations, the transmissivity of a smooth surface was investigated. This
consisted of a simple rectangular cuboid of CdTe 6 µm thick. When simulating transmis-
sivity through this surface, the boundaries between the media will be completely parallel
to each other, as the surface is perfectly flat - which will never happen in the real world.
Therefore, these initial simulations will represent ideal-world examples. These initial
measurements were set up mostly go get acquainted with Lumerical, and ensure that the
simulations were running as expected. But as the work developed, more complexity such
as surface roughness had to be taken into account.
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For the rougher surfaces, the geometry was set up using a script supplied by Lumerical,
and then customized. This script is presented in appendix 1. The new substrate consisted
of the same cuboid, but the side facing the source has a ”roughness” structure included.
This was done by setting up a 2D matrix describing the surface with random height
values within a given range, and then applying a gaussian filter onto the matrix with
the RMS and correlation lengths discovered from the AFM (see experimental section).
In the simulation the correlation lengths were symmetric in the x and y direction. AFM
measurements were performed to improve the predictions, and yielded an RMS of: σ ≈
8 nm, and correlation length at around 100 nm. A reproduced surface used in the
simulations can be seen in figure 27.

Figure 27: Surface roughness emulated by a Gaussian distribution.

After the first basic simulation was run with the parameters from the AFM mea-
surements, some experimental simulations were set up to analyse how much roughness
is needed to affect the transmission any substantial amount. The geometry script for
the surface is set up in such a way that increasing the RMS will only generate sharper
peaks, as seen in figure 28 below. These simulations are mostly to bridge the gap towards
nano-structured surfaces, and can be used to compare with the nano-structures presented
later, as they generate a graded refractive index for the whole surface.
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Figure 28: Surface roughness emulated by a Gaussian distribution with a very high
RMS

3.1.2 Anti-reflective coating - interference based AR

The anti-reflective coatings can be simplified as two overlapping materials in Lumerical,
where the ARC material can be defined to have a higher ”priority”(Mesh-order) - meaning
that it is possible to choose which material that the overlapping area corresponds to. The
ARC thickness was calculated using the thin-film formula described in the theory, and
then padded with some extra nano-meters, which would serve as the extra overlap width
to compensate for the overlap between the ARC and the substrate. The transmission
monitor was then placed still inside the substrate. Several different ARC materials was
attempted, each designed for either the 3-5 or 8-12 µm range, or both.

3.1.3 Nano-structured surface - graded refractive index based AR

To generate the graded refractive index discussed in the theory, one can design the surface
of a substrate to have fringes/pillars/textures for which the effective refractive index is
dependent on the height/radius relationship of the structures, as discussed in the theory.
The principles of the simulations for all of the methods presented in this thesis are gen-
erally the same:
Source→AR→Substrate→Transmission monitor. So the biggest difference between the
ARC simulations (section 4.2.3) and the ARMS simulations is the design and implemen-
tation of the ARMS geometries. Several different geometries were implemented to be
examined such as moth-eye (ME), truncated cones (TC), anti moth-eye (AME) and col-
loids, all of which were relatively simple to design in Lumerical through the use of scripts.
These scripts were designed for the geometric specification of the structures, like how the
moth-eyes - which are parabolic cones - were designed by implementing a y = x2 conic
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curve, and rotating it 180◦, creating a full conic structure. The pillars were placed twice
the base radius apart, so that there was no overlap at the base. The structures were
placed in a grid such that they made up a hexagonal pattern, as seen in figure 29 below.
The exact same procedure was performed for the other structures, but with a different
function to be rotated. The truncated cones were made up of function describing a line,
creating a full cone, for which the height was set to be lower than the height of the full
cone to achieve the flat top. For the AME, the same procedure as for the moth-eye was
performed, but with y =

√
x instead. The colloids were designed as spheres, and not

through a rotated function. The moth-eyes are shown in figure 30, and the script which
generates them is presented in the appendix in listing 1.

Since the simulations for the ARMS are hexagonally symmetric, a simplified simula-
tion boundary can be set up which works well with the periodic simulation boundaries,
which ”copy” the structures in the x-y plane and creates a large plane of the nano-
structured surface. The boundary can be seen in the figure below.

Figure 29: Simulation boundary setup for periodic boundaries (in orange), where the
structures are placed in a hexagonal pattern.

This simulation setup would be the most compact way of describing the arrangement
of the structures without including any excess material, therefore this setup would reduce
the simulation times significantly. In addition, this ensures proper periodicity of the
structures, as the contents in the simulation boundary would be completely line symmetric
along all edges.
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Figure 30: The moth-eyes generated by script 1. Only 5 pillars are needed for the sim-
ulation, but the for-loops which generate the structures are cleaner like this. Additionally,
it seems like the moth-eye pillars are outside the substrate, and this is correct, but these
parts are not included in the simulation boundary (orange) as the setup follows figure 29.

3.2 Experimental setup

Several experiments were set up to compare the simulation results with the substrates
on hand. Two CdTe-chips were acquired from II-VI Incorporated [51]. The first one
was broken during experiment, but could still be used. The second one was chemically
polished on one side, and mechanically polished (FG) on the other side. The AFM
measurement was of the FG side. The optical properties were characterized using the
FTIR to measure the transmissivity, and the AFM to measure the surface roughness. A
double sided polished silicon substrate was also investigated as a reference to the CdTe,
as silicon is more expendable with respect to price and availability, and it has good
transmission properties in the IR.

3.2.1 FTIR spectroscopy

To acquire a meter to compare the simulations with, the Nicolet iS50 FTIR spectrometer
at the Department of Chemistry at UiB was used. Several chips were measured - the
bare silicon chips, as well as the silicon coated with ZnO.

3.2.2 AFM

The atomic force microscope at the faculty of physics and technology was used to measure
a surface profile of the CdTe substrates. This would be used for the rough surface analysis,
and as a precursor to the nano-structures, as roughness provides a lower gradient to the
refractive index for a material.
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4 Results and Discussion - Simulations

In the following chapter, the results following the material transmission simulations are
presented and discussed. These are shown as transmission or reflection graphs exported
directly from Lumerical FDTD simulations. First the data for CdTe is compared to other
sources of transmission for this material. Silicon is used then as a substitute, as there is
good documentation on this material. Second, the transmission for the bare CdTe sub-
strate is presented, along with reference data from other sources. Then surface roughness
is added to the CdTe substrate, and transmission is measured through the new surface and
presented. ARCs were designed and simulated, with different coatings. Lastly different
ARMS designs were applied to the substrate, with different geometries and feature sizes.

4.1 Parameter selection

4.1.1 General simulation parameters

For most applications of the anti-reflective methods used here, the IR source is often
far away, and as such, the angle of incidence (AoI) of the IR radiation reaching the
detector would be close to perpendicular to the substrate. For this reason, the AoI in the
simulation is always perpendicular to the substrate. Additionally, the simulations only
include the transmissivity into the substrate through only one boundary, namely the front.
The back-side reflections is, as mentioned earlier, excluded, as the back-side boundary
of CdTe is still unknown and interference effects from the back-side of the substrate
would make the conclusions from these results much harder to determine. Therefore
the z-direction was set as a PML. For application-specific simulations it is recommended
to properly apply anti-reflective methods to the back-side as well. It must be noted
that there will be additional losses in the completed design, and these losses will be
heavily dependent on the electronics/materials that are connected to the back-side of the
substrate, and their boundary. Often this will be HgCdTe, which if applied properly,
should allow most of the radiation to pass through without loss. Therefore, including the
full reflection losses before determining what the back-side will be connected to would
be a rash decision. Therefore, it might seem like this thesis achieves higher than before
results.

4.1.2 Wavelength range

The wavelengths used in these simulations were selected to be 0.45 - 20 µm. This is
because this contains most of both of the atmospheric windows, meaning higher atmo-
spheric transmission for the specified wavelengths. These are selected, as the goal is to
categorize several IR transmission optimisations techniques, for the whole range. CdTe
has a band gap at 1.52 eV (≈ 0.8157µm), which means it absorbs much more light below
λ ≈ 0.82µm, as the photons are energetic enough to move the valence band electrons into
the conduction band.

4.1.3 Refractive index

The datasets used for the refractive indices were selected based on their ranges, and so
the narrow-band precision might be compromised to some degree. In spite of this, three
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good datasets have been gathered and compared, and the best one is selected. Namely,
values from Hl̀ıdek [18], Marple [26], and Palik [33] was used. It was found that Hl̀ıdek
had the most consistent values. A caveat to this dataset however, is that the curve fitting
tool for refractive indices in Lumerical is either far too aggressive, or too passive on the
dataset in the ranges around 0.6 µm. This ”glitch” is also present in the Palik dataset.
The Marple dataset on the other hand, does not cover the entire range.

4.1.4 Surface roughness

The only physical difference between the smooth- and rough-surface simulations were
the way the surface of the substrate is generated, so the values here are the same as for
the smooth surface simulations. To get better results from the rough-surface simulations,
AFM profiles of the surface was made using the atomic force microscope from the Faculty
of Physics and Technology, and then analyzed using the SPM software GWYDDION [29].
The profile of some 10x10 µm chip can be seen in figure 31 below as an example.

Figure 31: AFM measurement of a polished 10x10µm CdTe chip.

4.1.5 Anti-reflective coated surface

When selecting a thin-film, two parameters are the most important - namely the material
it self, and the thickness of the film. The materials used here were selected from a large
group of known anti-reflective materials. The thickness on the other hand, must be
calculated from where one wishes the transmission peaks to be. In the case of these
simulations, the film thickness was optimised based on the thin-film interference formula
presented earlier. The transmission spectra for Al2O3, SiO2, DLC (Diamond-like carbon)
and ZnO are shown in the figure below.
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Figure 32: Transmission spectra for the anti reflective materials as bulk materials,
sourced from the literature. Since no complete dataset for bulk-transmission for DLC
(Diamond-like carbon) was found, it was simulated(only narrow-band transmissions were
found). This could be cause for an incomplete picture.

To get the most relevant values for the atmospheric windows, one can scale the trans-
mission of the material to the atmospheric windows. That is, Ttotal = Ta ∗ Tm, where Ta
is the atmospheric transmission, and Tm is the material transmission. The atmospheric
window spectrum presented earlier is somewhat normalized, so this the resulting graph
can help identify the best wavelengths to optimise for. Doing this results in what is pre-
sented in figure 33 below. Here it can be seen that many of the materials will complement
the first atmospheric window between 3-5 µm, whereas ZnO and DLC would work well
in the second window.
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Figure 33: Transmission spectra for the anti reflective materials as bulk material, but
scaled in relation to the atmospheric windows.

4.1.6 Micro-structures

The first part of the results presented for micro-structures is a collection of the results
from a broad literature search for reference geometry. Since it is hard to calculate what
parameters for the micro-structures would be closest to the ideal, examining published
solutions was the best thing to start with. It can be observed from the literature that the
radius and height ranges that are the most relevant are 2-4 µm for radii, and 2-9 µm for
the heights. Several geometries from the literature were tested: Moth-eye, anti-moth-eye,
tapered cones posts, and lastly deposed colloids.

4.1.7 Reference material

There is a big difference in cost and availability between CdTe and Si. As such, sili-
con was selected as a reference material as it also possesses IR transmission properties
comparable to CdTe, and it is better documented than CdTe. Additionally, silicon chips
are inexpensive, expendable, have well documented process techniques, and is readily
available at the university.

4.2 Transmission simulations - CdTe

In this section, the transmission properties of CdTe is explored through FDTD simula-
tions. A basic characterization of bulk CdTe had to be done before working with the
anti-reflective techniques. Such as simulating the transmission of bare CdTe, and com-
paring with reference data. Then, surface roughness is added and compared, using the
AFM measurements. Then the anti-reflective methods are explored. Several ARC designs
were tested and simulated in Lumerical, with focus on improving the transmission in the
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3-5 and 9-12 µm range. Then ARMS were sourced from the literature, and modified to
achieve the highest average transmission in either of the two ranges.

4.2.1 Smooth surface

The transmission and reflection of a smooth 3 µm thick CdTe surface is shown in figures
34 and 35 respectively. Three different data sets were used to better determine which
data sets would be used onwards. The three datasets have similar transmission curve in
the 1-20 µm range, but they are different in the <1 µm range, as seen in figure 36, though
this is outside the important wavelength ranges of 3-5 and 8-12 µm and therefore will not
affect the end results much. Additionally, it is worth taking note of an unintended glitch
in the data set after curve fitting. The Palik set shows a sharp peak at 0.85 µm, which
originates from the curve fitting tool.

Figure 34: Transmission for smooth CdTe surface for three different datasets for the
refractive index
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Figure 35: Reflection for smooth CdTe surface

Figure 36: Transmission for smooth CdTe in the 0.5-1.5 µm range.

Considering the simulations are performed with the transmission monitor inside the
substrate, the back-side reflections do not produce interference, and hence the results
may seem higher than they are. Assuming, as predicted by back-side reflection argu-
ment presented earlier (that including the back-side reflections would essentially double
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the reflection losses), the transmissions measured by the providers without the back-side
reflections should lie around 82%, whereas the average measured in simulation is approx-
imately at 78%. Comparing these results to the FTIR measurements presented earlier,
then these measurements show a difference of 4% between simulation and FTIR mea-
surements, which is not entirely surprising, as even the FTIR measurements can have
discrepancies of this size. The simulations use a set value (either refractive indices or
permittivity) to emulate the CdTe crystal, but the crystals used in the literature can
easily have different quality levels.

4.2.2 Rough surface

To investigate how the effects of surface roughness affects the transmission, simulations
which included a randomized-height surface with Gaussian distribution facing the source
were perfomed, and the results are presented in figure 37 below.

Figure 37: Transmission spectrum for rough CdTe surface

The transmission differences between these data are negligible (> 0.025%). This is
likely due to very low size differences between the rough structures. And so, simulations
with even rougher (albeit unrealistic sizes) surfaces are performed and presented below.
According to the theory presented in the theory section, the transmission should increase
as the pillars, or ”roughness” get more defined - with the radii mostly affecting the
transmission bands, and heights affecting the transmission magnitude. At 0.3 µm and
0.8 µm RMS, the difference apparent, as seen in figure 38. It should be mentioned that
the structures simulated do not correspond well to real surface roughness, and especially
when the RMS is exaggerated. The structures manifested by the high RMS are closer
to spikes, than to natural roughness. These spikes are hence conceptually closer to the
desired moth-eye structures, in that they produce a smooth gradient to the refractive
index, so they can therefore be used to compare with the ARMS.
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Figure 38: Transmission spectrum for very rough CdTe surfaces

As expected from the theory, the transmission increases with the roughness. The
gradient for the last surface is excellent for broadband transmission, but is also mechani-
cally unstable, as the peaks are extremely long and extremely thin. Yet these simulations
illustrate the mechanics of a smooth gradient of the refractive index.

4.2.3 Polarization simulations

Some polarization simulations were made to make sure that there is consistency between
the simulations, literature, and the theory. CdTe is not a polar material, implying that
there should be no difference in the transmission based on the polarization of the incoming
light. This was done by simulating the same setup, but with 0 ◦ and 90 ◦ polarization for
the source. Cadmium Telluride is not a polarized material and has a low electro-optic
effect [11], therefore little difference is expected in transmission based on polarization.
The result is shown in figure 39 as a difference between transmission between the two
polarizations (abs(T(0◦) - T(90◦))).
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Figure 39: ∆T in percent for 0◦ and 90◦ polarization

Additionally, when measuring the transmission with an FTIR, the backside reflections
are included in the transmission spectrum, meaning the theoretical maximum for these
measurements would never be 100%. This explains the discrepancy between the reported
transmission by providers in figure 2, and the simulated transmission in figure 34.

4.2.4 ARC simulations

Four promising ARCs were found during the literature study, for which the thicknesses
of the ARCs were optimised for the highest transmission within the atmospheric window
peaks shown earlier in figure 33. The transmissions for these thicknesses are presented
below in figures 40 through 42, with the optimised thicknesses from table 4.

Table 4: Parameter selection for ARCs. *Not a complete dataset for the entire range,
but the values are very consistent, so the extrapolated value was selected by linear ap-
proximation. Note that the transmission maximum is taken from 32, but wavelengths
are read from the 33.

Material Peak (µm) T max n t (µm)

ZnO(1) 4.08 96 % ≈ 1.9* 0.54
ZnO(2) 10.33 96 % ≈ 1.6* 1.61
Al2O3 3.93 88 % 1.57 0.62
SiO2 3.88 96 % 1.40 0.69

DLC(1) 3.89 89 % 2.09 0.47
DLC(2) 10.68 89 % 2.09 1.28

As shown in figure 32 above, which shows the transmissivity for the ARC materials,
the transmission for ZnO extends over almost the entire wavelength range. For this
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reason, ZnO was attempted to be made into a dual-band transmission window for both
the 3-5 and 8-12 µm atmospheric windows. But first, the coating which was optimised
for transmission at 4.08 µm reached a peak transmission value of around 97%. The 1.61
µm thick coating on the other hand, which could work as a dual-band transmitter, as it
shows two transmission peaks of ≈ 96% and ≈ 99% at 4.08 and 10.3 µm respectively.
The results can be seen below in figure 40.

Figure 40: Transmission spectra for CdTe with ZnO as ARC

Both Al2O3 and SiO2 showed in figure 32 that they have poor broadband properties,
as they have high absorption beyond 7 and 5 µm respectively, but they still can be
improved for the 3-5 µm range. After optimisation, the peaks could be generated by
relatively thin films of around 0.65 µm each, and transmission results upwards of 99%
and 95% for Al2O3 and SiO2 respectively, as seen in figure 41. Both materials used
for these coatings are remarkably damage resistant due to their high robustness, and so
applications for these materials should not be hard to find.
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Figure 41: CdTe with Al2O3 and SiO2 as ARC

Another damage resistant material, which is known as the hardest material, is di-
amond [17]. Making these measurements interesting, as the mechanical properties of
diamond are top tier. The results below illustrate that DLC is a decent ARC for both
the MWIR and LWIR bands, even as a dual-band ARC. All three desired peaks were
measured to have a transmission of ≈ 96%, which for an ARC is good.

Figure 42: Transmission spectra for CdTe with DLC as ARC
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Table 5: Averaged results for optimal thicknesses around optimal ranges (3-5 and 8-12
µm) for ARCs.

Material t(µm) Tavg(3-5 µm) Tavg(8-12 µm) Ravg(3-5 µm) Ravg(8-12 µm)

ZnO(1) 0.54 97.05 % 84.80 % 1.54 % 15.07 %
ZnO(2) 1.61 88.24 % 96.58 % 7.90 % 2.76 %
Al2O3 0.62 97.79 % 71.1 % 1.83 % 22.90 %
SiO2 0.69 94.62 % 54.24 % 3.72 % 30.09 %

DLC(1) 0.47 94.86 % 84.12 % 5.14 % 15.87 %
DLC(2) 1.28 89.40 % 94.8 % 10.59 % 5.20 %

All of the results presented for the ARCs reached values, as expected by the literature
presented in table 2. Some minor improvements could be done by further precision
calculating the substrate thickness and wavelength peak position for the atmospheric
windows, but the difference in crystal quality and deposition technique would likely exceed
the transmission difference in these optimisations.

4.2.5 ARMS simulations

For the first part of this section, several designs from the literature was adapted and
simulated. This yielded a better understanding for the mechanisms, and a better overview
before optimisation. The literature was selected based on material and wavelength range.
The goal here is to find the geometry and size relationships which yield the highest
transmission improvements for the 3-5 and 8-12 µm ranges.

Geometry from the literature
This first section serves as a proof of concept of how much more transmission is possible
with ARMS with different geometries. The literature suggest a large range of configu-
rations for different wavelengths, but even for broadband transmission the difference in
design varies quite a lot. During the literature search, seven different structures were
found, where four were tested here. The seven structures were moth-eyes, truncated
cones, anti moth-eye, colloids, random-texture AR structures, nano-rods, and lastly sub-
wavelength structures (like posts) - of which only the four first were simulated.

Moth-eye structures:
Moth-eye structures are as said a favourite from the literature, and it is easy to see why.
The transmission spectra for a selection of geometries for moth-eye structures sourced
from the literature is shown below. The structures display peak transmission of 99.9 % in
narrow periodic bands. It can be observed that the transmission is affected by an inter-
ference effect, as the transmission show a periodic tendency. When the simulations were
viewed through a ”movie monitor”, which plays back an illustration of the amplitudes of
the EM waves as they interact with the ARMS, it became apparent that these interfer-
ence effects could be from the X,Y-plane, as the pillars are symmetric. Fortunately, the
magnitude of the effect is low, but yet the transmission varies with about ≈ 5%, which
is potentially a quite large difference when trying to achieve transmission of up to 99%.
On the other hand, these peaks could help focus the transmission bands at the desired
wavelengths, with less transmission in less the desired wavelengths.
A band limit for the shorter structures (3.16 µm) can be observed for the 0.31, 0.7 and
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1.5 µm radius structures (crimson, lime and cyan). This is the upper limit of the trans-
mission properties for these heights it seems, as the height determines the steepness of
the gradient of the refractive index - as observed in figure 43 and mentioned in the theory.
All of these structures had an average transmission of > 99.% average transmission over
the specified ranges, as can be seen in the figures 43, 44 and table 6.

Figure 43: Transmission spectra for CdTe different ARMS designs from literature,
simulated in Lumerical. Note that all these are moth-eye structures. The transmission
for bare CdTe is included as a reference. The units given in the legend are bottom radius
and structure height respectively, given in µm.
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Figure 44: Reflection spectra for CdTe different ARMS designs from literature, simu-
lated in Lumerical. Note that all these are moth-eye structures. The units given in the
legend are bottom radius and structure height respectively, given in µm.

Table 6: Averaged results around optimal ranges (3-5 and 8-12 µm)

R0 h0 Tavg(3-5 µm) Tavg(8-12 µm) Ravg(3-5 µm) Ravg(8-12 µm)

2.5 7.07 99.04 % 99.24 % 0.76 % 0.75 %
1.50 7.07 99.74 % 99.63 % 0.12 % 0.37 %
1.50 5.0 99.47 % 99.02 % 0.35 % 0.97 %
1.50 3.16 99.11 % 99.79 % 0.62 % 1.21 %
0.75 3.16 99.64 % 99.33 % 0.35 % 0.66 %
0.31 3.16 99.69 % 99.48 % 0.31 % 0.51 %

Truncated cones:
Truncated cones are extensively used as they are seemingly easier to fabricate, and they
generate some of the same results. The transmissions spectra for three truncated cones,
and one full conic shape is presented in figure 45 below. It can be observed that the
truncated cones are also subject to interference effects, but of a higher magnitude. The
transmission also varies more than for the moth-eyes, although the 1.25 µm radius struc-
ture show remarkable transmission results, with transmission of 99.9% at 8.2 µm, with
a dip on the centre 8-12 range, but this can likely be designed to have a peak at around
10 µm. But, the same structure also had an average transmission in the 3-5 µm range of
99.4 %.
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Figure 45: Transmission spectra for truncated cone structures. The units given in
the legend are all presented in µm. They are respectively bottom radius, top radius and
structure height. 0 top radius means it is a completed triangle.

Figure 46: Reflection spectra for truncated cone structures. The units given in the legend
are all presented in µm. They are respectively bottom radius, top radius and structure
height.
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Table 7: Averaged results around optimal ranges (3-5 and 8-12 µm)

Rbottom/Rtop h0 Tavg(3-5 µm) Tavg(8-12 µm) Ravg(3-5 µm) Ravg(8-12 µm)

0.4/0.24 2.2 97.94 % 99.20 % 2.04 % 0.79 %
0.8/0.4 2.2 98.98 % 99.33 % 1.03 % 0.64 %
1.25/0.4 4.4 99.70 % 98.64 % 0.30 % 1.37 %
2.0/0.0 3.0 98.60 % 97.41 % 1.12 % 2.55 %

Anti moth-eye structures:
Anti moth-eye structures were presented in the literature with varying degrees of success,
but it presented itself as an interesting structure regardless. When looking at the gradient
of the refractive index (as presented in figure 16), the anti moth-eye structures surely
have the smoothest curve, but it seems this is not the only important factor for good
transmission. The reproduced results of four different structures from the literature is
presented in figures 47 and 48. The yellow plot in figure 47 shows a >98% transmission
in the 3-5 µm range, but with a very early transmission limit, as the transmissions drop
towards ≈ 80% quickly. It seems that at longer wavelengths, the structures are not
observed by the waves as AR structures, but rather as bare substrate.

Figure 47: Transmission spectra for Anti-moth-eye structures. The units given in the
legend are all presented in µm. They are respectively bottom radius and structure height.
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Figure 48: Reflection spectra for Anti-moth-eye structures. The units given in the
legend are all presented in µm. They are respectively bottom radius and structure height.

Table 8: Averaged results around optimal ranges (3-5 and 8-12 µm)

R0 h0 Tavg(3-5 µm) Tavg(8-12 µm) Ravg(3-5 µm) Ravg(8-12 µm)

1.25 4.4 99.51 % 94.46 % 0.50 % 5.53 %
1.25 2.2 98.86 % 85.67 % 1.17 % 14.33 %
0.625 4.4 99.04 % 94.13 % 0.96 % 5.86 %
0.2 2.2 97.08 % 85.41 % 2.95 % 14.59 %

Colloid structures:
Colloids were not necessarily believed to have as much potential as the other structures,
but serves as a potentially cheaper and easier method of reaching > 90% transmission over
the 3-5 and 8-12 µm ranges. It is believed cheaper and easier as the deposition of colloids is
already used extensively in colloidal lithography, which is one one the common techniques
of etching micro-structures [43]. From the transmission spectra presented below in figure
49, it is possible to see that the three structures have the same transmission ”fingerprint”,
but dragged out over a longer range for the larger structures. Observe the yellow peak at
2.3 µm, and see that this is the same peak as the purple at 5 µm. This implies that it is
possible to design a structure size where these peaks are present in the desired intervals
(3-5 and 8-12 µm). The purple 2.5 µm structure already peak around 5 µm, so reducing
the sizes somewhat, will allow it to peak at 4 µm. Additionally, increasing the size could
generate another peak closer to 10 µm. This design is attempted later in this section.
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Figure 49: Transmission spectra for colloid structures. The units given in the legend
are the radius for the colloids.

Figure 50: Reflection spectra for colloid structures. The units given in the legend are
the radius for the colloids.
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Table 9: Averaged results around optimal ranges (3-5 and 8-12 µm) for colloid structures

R Tavg(3-5 µm) Tavg(8-12 µm) Ravg(3-5 µm) Ravg(8-12 µm)

0.40 90.03 % 83.26 % 9.97 % 16.74 %
1.25 93.49 % 92.51 % 6.50 % 7.49 %
2.5 91.00 % 91.45 % 8.27 % 8.42 %

4.2.6 Optimal parameters for ARMS in the 3-5 µm and 8-12 µm range:

Using the results presented above, it was possible to tailor further improvements to the
micro-structures by slightly changing the radius or heights to place the transmission peaks
at more favourable wavelengths, and as such the results of this optimisation is presented
below. Some of the earlier results can qualify as optimal results, and so some earlier
simulation results are presented as well, as their transmission levels are excellent.

Optimal moth-eye:
The moth-eye structures simulated and presented in table 43 were already very good,
and little improvement was done to achieve the optimal structures presented below in
figures 51 and 52. The only change was making the structures taller so that the total
transmission increased, and an ”optimal” height was chosen such that the interference
patters peaked in a more optimal wavelength.

Figure 51: Transmission spectrum for the best moth-eye ARMS.
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Figure 52: Reflection spectrum for the best moth-eye ARMS.

Table 10: Best averaged results around optimal ranges (3-5 and 8-12 µm) for moth-eye
structures. *These are presented earlier, and deemed optimal for these ranges.

R0 h0 Tavg(3-5 µm) Tavg(8-12 µm) Ravg(3-5 µm) Ravg(8-12 µm)

1.5 9.2 99.92 % 99.60 % 0.07 % 0.40 %
2.5 9.2 99.84 % 99.66 % 0.05 % 0.33 %
1.5* 7.07 99.74 % 99.63 % 0.12 % 0.37 %

Optimal truncated cones:
The truncated cones sourced from the literature and presented above show surprisingly
high transmission, and competes with the moth-eye structures, at least in the 3-5 µm
range. The improvements made on the structures to optimise them were to find the best
ratio for top and bottom radius, and optimise the height with the interference. The fruits
of this labour is presented below in figures 53 and 54, and in table 11.
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Figure 53: Transmission spectrum for the best TC ARMS.

Figure 54: Reflection spectrum for the best TC ARMS.
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Table 11: Best averaged results around optimal ranges (3-5 and 8-12 µm) for truncated
cone structures. *These are presented earlier, and deemed optimal for these ranges.

Rbottom/Rtop h0 Tavg(3-5 µm) Tavg(8-12 µm) Ravg(3-5 µm) Ravg(8-12 µm)

2/0.4 5.3 99.30 % 99.65 % 0.46 % 0.33 %
1.25/0.4* 4.4 99.70 % 98.64 % 0.30 % 1.37 %

Optimal anti moth-eye:
The anti moth-eye structures showed bad broad-band transmission over the range, as it
the transmission quickly decayed towards the substrate transmission-levels of around 70%.
For all the other structures, increasing the height seemed to increase the transmission
over the whole ranges, but showed to improve transmission in low-transmission areas even
further. Therefore, this was used on the AME structures, and the broadband transmission
increased, as seen in figures 55 and 56, and in table 12.

Figure 55: Transmission spectrum for the best AME ARMS.
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Figure 56: Reflection spectrum for the best AME ARMS.

Table 12: Averaged results around optimal ranges (3-5 and 8-12 µm) for AME structures

R0 h0 Tavg(3-5 µm) Tavg(8-12 µm) Ravg(3-5 µm) Ravg(8-12 µm)

1.25 7.0 99.7 % 98.98 % 0.13 % 1 %
2.0 7.0 99.70 % 99.69 % 0.07 % 0.29 %

Optimal colloids:
The method of depositing colloids into the substrate as an ARMS proved itself to be a
relatively good choice for IR transmission, with> 90% transmission in most of the optimal
ranges. For the colloids, there is only one free parameter to change for optimisation,
and observing that the transmission spectra for the colloids in figure 49 show a specific
”fingerprint”, it is possible to place this fingerprint such that the two highest peaks land
on the optimal ranges (3-5 and 8-12 µm). This was done by trying different radii for the
colloids, and the results of this optimisation is presented below in 57 and 58, and in table
13.
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Figure 57: Transmission spectrum for the best Colloid ARMS.

Figure 58: Reflection spectrum for the best Colloid ARMS.
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Table 13: Averaged results around optimal ranges (3-5 and 8-12 µm) for colloid structures

R Tavg(3-5 µm) Tavg(8-12 µm) Ravg(3-5 µm) Ravg(8-12 µm)

2.1 93.18 % 91.25 % 6.54 % 8.64 %
5.0 89.59 % 94.6 % 9.51 % 5.15 %

4.3 Reference material - Silicon simulations

Silicon was selected as a reference material as it is cheap and expendable, as compared
to CdTe. The simulation results for the same setups as for CdTe is presented below. The
refractive index dataset was sourced from Palik. Silicon is used as experimental substitute
for CdTe only for the anti-reflective coating part. And as such, the same foundation up
to and not including ARMS are presented below.

4.3.1 Smooth surface

To first compare Silicon to CdTe, Si was simulated with a smooth surface with the
same parameters as for the CdTe simulations such that broadband transmission and
reflection spectra was acquired. The simulations showed that the higher refractive index
of Si (n≈ 3.43) prevent about 8% of the broadband transmissivity as compared to CdTe
(n≈ 2.73).

Figure 59: Transmission and Reflection simulation results for smooth Si surface

4.3.2 Rough surface

Just as with CdTe, higher roughness causes better transmission, depending on the rough-
ness. A very rough surface Si substrate is plotted below with 0.3 µm RMS. The same
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effect is observed here as for CdTe, and as expected. The transmission increases over
ranges determined by the sizes of the surface structures in the rough surface.

Figure 60: Transmission and Reflection for rough Si surface

4.3.3 Anti-reflective coating

Here, the same procedure as for CdTe is performed for Si, and the parameter selection
table for ARCs is again included with the simulations results for the transmission. The
atmospheric window is included in the background to illustrate the alignment of the
transmission peaks of the atmosphere and the peaks from the ARC. Both DLC and ZnO
showed promise to work as a dual-band transmitter, as high peaks were observed on both
sides of the H2O absorption band at 6 µm, and so it must be mentioned that they were
here optimised for two wavelengths in the 10.33 µm peak optimisation. The 4.08 µm and
10.33 µm peaks have a coinciding thickness of 1.61 µm, and so two peaks will be visible
on each side of the atmospheric window.
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Figure 61: 0.45-20 µm transmission spectra with Silicon as substrate, and ZnO as
thin-film

Figure 62: 0.45-20 µm transmission spectra for Si with Sapphire and quartz as ARC.
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Figure 63: 0.45-20 µm transmission spectra for Si with DLC as ARC.

Table 14: Averaged results for optimal thicknesses around optimal ranges (3-5 and 8-12
µm) for ARCs.

Material t(µm) Tavg(3-5 µm) Tavg(8-12 µm) Ravg(3-5 µm) Ravg(8-12 µm)

ZnO(1) 0.54 95.68 % 77.47 % 2.36 % 22.38 %
ZnO(2) 1.61 83.87 % 94.89 % 11.63 % 4.31 %
Al2O3 0.62 94.18 % 63.74 % 5.01 % 31.29 %
SiO2 0.69 88.85 % 51.21 % 8.95 % 34.02 %

DLC(1) 0.47 96.87 % 77.76 % 2.73 % 22.19 %
DLC(2) 1.28 87.01 % 97.17 % 12.62 % 2.77 %

Comparing these results to the ones for CdTe, they are extremely similar, with some
differences, but with no consistent changes. For this reason, Si shows it self to be an
excellent replacement for CdTe for these materials and these thicknesses, at least in
simulation. Transmission results from experiments will follow up on this.
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5 Results and Discussion - Experiments

The simulation work done here is mostly to prepare for the experimental part. This
is where the ideas presented are tested, and analyzed. The goal is to develop better
transmission results for CdTe, by using simulation and a cheaper substrate to acquire the
best solution. After the simulations were done, FTIR-spectra were taken of the different
substrates. The CdTe chips have roughly the same roughness as the simulated roughness,
and so the FTIR measurements will be compared to the rough samples.

5.1 CdTe measurements

CdTe is a very expensive material, and hence few experiments were performed with
CdTe as a substrate, though some are presented below. AFM measurements were taken
of the surface to more precisely determine the structure of the surface for the transmission
simulations. Additionally, FTIR transmissivity measurements were taken of the substrate
so a comparison between simulated and experimental FTIR measurements can be made.

5.1.1 CdTe surface structure after polish - AFM

The very first data collected was the AFM measurements of the surface of a polished CdTe
substrate. This was to acquire the correct surface structure data for the rough-surface
simulations. The results were used during simulations and predictions, but they are
presented properly here. A AFM measurement of a 10x10 µm area of a CdTe substrate.
The measurements were taken the AFM at the faculty of physics and technology, with a
CSC17, 8nm silicon tip with force constant k = 0.18 N/m. This was done in non-contact
dynamic mode with a driving voltage of 0.1V and tip oscillating at ≈ 310kHz.

Figure 64: AFM measurement of a CdTe substrate.

The AFM measurements were mainly taken to extract the root-mean-square(RMS)
value for the heights in the substrate, as well as the correlation length for the heights.
These values are the most important ones in order to characterize the surface [7]. The
RMS value extracted from figure 64 with GWYDDION was σ = 7.140 nm, and correlation
length ≈ 100nm. These measurements were taken with dynamic non-contact mode, with
a driving voltage of 0.1V and a tip oscillating at ≈ 310kHz.
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5.1.2 Transmissivity of bare CdTe substrate - FTIR

Cadmium telluride has relatively good transmission properties without any treatment, as
can be seen in the simulations results. Here the FTIR measurements of bare CdTe are
presented. The absolute transmission is clearly lower than was predicted by the simu-
lations, but it is almost as consistent as predicted. The lower transmission is explained
mostly by the exclusion of back-side reflections in the simulations, as these generate
quite a lot of interference noise. The predicted transmissions with back-side reflections
included are approximately 20% lower than the presented transmissions above. It can
therefore be argued that the simulated transmissions predict a transmission of around
58% in the 0.45 − 20µm range. The correlation between simulation and experiment is
therefore adequate.

Figure 65: Transmission and reflection spectra for the CdTe chip, without any AR
treatment.

5.2 Silicon measurements

Silicon was used as a substitute for CdTe in the experimental work, as it was expected
that several substrates were to be designed and used, and this would be too expensive
to attempt with CdTe. Therefore, the same experiments done on CdTe was also per-
formed on silicon, such that the results can be used for comparison. AFM measurements
were performed so that the surface roughness could be emulated more precisely. FTIR
transmission measurements were done to observe the different transmission bands for the
bare material as compared to CdTe. And lastly, a anti-reflective coating was applied to
a silicon substrate by magnetron sputtering, at 600W, 2.4 ∗ 10−2 mBar with a flow rate
of 1.0 sccm with Argon. After this, FTIR and AFM measurements were performed on
these samples.
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5.2.1 Silicon surface structure - AFM

AFM measurements were taken of a silicon substrate to be used in the simulations to
better defined the surface roughness for the simulations. The measurements were taken
with the AFM at the faculty of physics and technology. Using a CSC17, 8 nm silicon
tip with a force constant of 0.18 N/m, in dynamic non-contact mode with a driving
voltage of 0.1V and a standard tip oscillating at ≈ 310kHz. The RMS for the surface
was found with the help of GWYDDION analysis software to be around 12 nm. These
results are presented in figure 66 below. The image has been aligned around its average
to account for skewness, and each line-scan from the AFM has been realigned with the
help of GWYDDION.

Figure 66: AFM measurement of a silicon substrate that was used as substrate for ZnO
ARC.

5.2.2 Silicon transmissivity - FTIR

The simulated transmissions for Silicon lie consistently around ≈ 70%, whereas the mea-
sured transmission by FTIR are presented in figure 67. The large absorption differences
over the IR range is due to the sharp absorption edges of silicon. At 16 µm, one such
edge is clearly visible.
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Figure 67: Transmission and reflection spectra for the Si chip, without any AR treat-
ment.

5.2.3 ZnO Anti-reflective coating - FTIR

ZnO is relatively cheap, and is well known to be used as an anti-reflective coating. ZnO
was deposited onto two 500µm thick silicon substrates, with coating thicknesses of 705 ±
(65) nm and 348 ± (12) nm. These chips will be referred to as (1) and (2) respectively.
A FTIR transmission measurement was then performed on the chips, and these are
presented in figure 68, where only chip (2) had reflection measurements done as well.
A clear improvement in transmission in the 3-5 µm can be seen for both chips, with a
maximum difference of 13% above 5 µm. The transmission improvement visible should
have been centered above 4 µm, which imply that the deposited film is either slightly too
thick, or the predictions are slightly skewed on the x-axis. In any case, comparing with
the simulated transmissions for the ZnO ARC, and applying the same argument for back
side reflections, then the simulations still seem somewhat optimistic. The comparison
can be seen in figure 69 below.
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Figure 68: Transmission and reflection spectra for silicon substrate with ZnO as ARC.
Lumerical calculates the transmission and reflection independently of each other, and as
a consequence, the sums of these can be > 100% in places, as discussed in the Lumerical
chapter.

The desired thicknesses for the substrates were 0.54 µm and 1.56 µm, instead of the
measured 0.348 µm and 0.705 µm. This meant that new simulations had to be run to
compare properly with these data. New simulations were run with the exact setup as in
the ARC simulations performed earlier, but with ZnO ARC thickness of 0.348 µm and
0.705 µm. The results of this is presented in figure 69 below.
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Figure 69: FTIR measurements of silicon with ZnO ARC, and simulations of the same
ARC thicknesses.

In this spectrum, (1) is compared to the 348 nm simulation, and (2) to the 705 nm one.
To better see the improvements of the ARCs to the transmission, one can subtract the
FTIR spectrum of silicon from the spectrum including the ARC. This yields the difference
in transmission, and is plotted below in figure 70. The improvement in transmission is
clear - an increase of ≈12% and ≈14% on (1) and (2) respectively. Both of the chips miss
the 3-5 µm window for which the transmission peak was intended, but these results still
serve to show that these methods work well.
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Figure 70: Transmission difference between bare silicon and silicon coated with 348 nm
and 705 nm ZnO.

5.2.4 SEM measurements of ZnO ARC on Si

To achieve the precise measurement of the thickness of the ZnO ARC on Si, a SEM was
used. Two coated chips were measured by snapping the chip in half, and then measuring
the cross-section of the chip. The chips were found to have a relatively even thickness of
348 ± (12) µm and 705 ± (65) µm.

Figure 71: ZnO ARC thickness measured with a SEM.
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6 Literature comparison

Some improvement results were sourced from the literature to compare to the improve-
ments presented in this thesis. Comparable results with regard to wavelength range and
feature sizes were found for moth-eye structures as well as for truncated cones, but good
source data on anti moth-eye and deposited colloids was not found. In addition, no
comparable results for ARCs were found, as most of the sources found were for solar
applications, and usually in the < 1 µm range. A comparison for four results in the
literature is presented below in figures 72 to 75.

Transmission results for moth-eye structures made with CdTe can be found in [8], and
are presented in figure 72. These structures were fabricated with colloid-lithography, and
were successfully measured with SEM to confirm correct structures sizes. Transmission
improvement of up to ≈ 12% was achieved at 5 µm, with some even improvements across
the 3-18 µm range. The simulated results show an average of 19% improvement, which is
higher over the whole range, but is comparable, yet higher around 5 µm. It was expected
that the simulated results produces somewhat higher numbers, and so it seems that there
is good correlation between simulated improvement and expected improvement through
the literature.

Figure 72: Comparison between the simulated results obtained in this thesis to experi-
mentally measured transmissivity for moth-eye structures of similar sizes.

The second structures to be compared is for HgCdTe (MCT) moth-eye structures
found in [37]. Cadmium telluride, and its mercury alloy have very similar properties [43],
and so are comparable. This paper presents 3.0-3.5 µm diameter, 6.1 µm high moth-eye
structures with the reflection spectrum presented in figure 73. The reflection spectrum
for 2.5 µm diameter, 7.07 µm tall CdTe moth-eye structures are presented in the same
spectrum. The geometries for these structures is similar enough for them to be compared,
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as it has been found here that the radius does not affect the transmission so long as it
is of proportional size to the wavelengths, and the heights are of comparable sizes. The
reported improvements from this paper is of the same size as that of the simulations.
The calculated average transmission improvement for the literature for this structure is
19.4%, and the improvement for the simulated results is 23.5%, both numbers calculated
in MATLAB.

Figure 73: Comparison between the simulated results obtained in this thesis to experi-
mentally measured reflectivity for moth-eye structures of similar sizes.

The next two comparisons are made to the same simulation, as the structure sizes in
the literature sources are very similar and of the same material. The results are acquired
from [19] and [25]. The first reported transmission is of CdZnTe (CZT) truncated cones
which for figure 74 has r0 = 1.2 µm and h = 4 µm, with a flat (unknown radius) top,
and for figure 75, r0 = 1.15 µm and h = 3 µm. The simulations are of CdTe with
r0 = 1.25 µm, rtop = 0.4 µm and h = 4.4 µm. The average transmission improvements
for the two reported results are 11.6% and 10.8% for figures 74 and 75 respectively. The
average transmission improvements for the simulations are 21.1%. The correlations here
look good, as the back-side reflections are not included in the simulations, causing their
results to be generally higher.
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Figure 74: Comparison between the simulated results obtained in this thesis to experi-
mentally measured transmissivity for truncated cone structures of similar sizes.

Figure 75: Comparison between the simulated results obtained in this thesis to experi-
mentally measured transmissivity for truncated cone structures of similar sizes.
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7 Conclusion

In this work, the goal has been investigate and optimise anti-reflective methods to achieve
the highest transmission possible in the infrared for cadmium telluride (CdTe) substrates.
The two atmospheric windows with ranges 3-5 µm and 8-12 µm were the main focus.
Two approaches for anti-reflective properties were studied and simulated, namely anti-
reflective coatings (ARCs) and anti-reflective micro-structures (ARMS).

For the ARCs, four different materials were selected from the literature and simu-
lated based on their optical properties. Different thicknesses were calculated using the
classical thin-film interference formula for the specific ranges and coating material. The
substrate with coating is then simulated and optimised for higher transmission in the
relevant ranges. The ARC simulations showed transmission results of 97% for the 3-5
µm range, and 96% for the 8-12 µm range. These were both realized by ZnO coating
simulations on CdTe. The silicon simulations for the same ARC reached only slightly
lower values of 96% and 95%, making these results comparable. The transmission im-
provements for ZnO on silicon was thus 18% and 17% for the 3-5 µm and 8-12 ranges µm.

For the ARMS, four different structures were selected from the literature, simulated
and then analysed. It is hard to determine the relationship between the structure pa-
rameters and the transmission results, but some observations were made. By increasing
the height of the structures, the transmission band-width increased, and the periodicity
of the interference effects were reduced. As the height increases, the gradient is reduced
by distributing the packing fraction over a longer distance, allowing transmission over an
even broader range, so this consequence is predicted from the theory. And the taller the
structures, the longer the wavelengths that interfere in the z-direction are, so the reduc-
tion of low-wavelength interference is also not surprising. It was also observed that the
transmission into the substrate is not very dependent on the radii of the structures. The
packing fraction of the ARMS does not change by increasing their radii, and so the gradi-
ent is also unaffected. Though the radius affects the periodicity of the ARMS and hence
also should affect interference, and it would also affect which wavelengths are the most
affected, as it is generally understood that the wavelengths and structure sizes should
be of the same order to achieve best AR methods [45]. The ARMS simulations yielded
high transmission improvements, from ≈ 78% transmission from substrate, to > 99% for
narrow bands. Specifically, moth-eye structures improved transmission over the entire
0.45-20 µm range by 19% on average, with truncated cones improving transmission by
17% over the range. For the 3-5 µm and 8-12 µm bands, the best transmissions were
99.9% and 99.6% for moth-eye, and 99.7% for both 3-5 µm and 8-12 µm for truncated
cones.

Finally, due to the somewhat easier method of applying ARCs, proof of principle
experiments were performed. ZnO films were deposited onto silicon substrates by mag-
netron sputtering. The transmission spectrum was then captured with an FTIR and the
film-thicknesses were confirmed in a SEM. The samples were then compared to the sim-
ulated results. The experimentally measured transmissivity for ZnO coating on silicon is
somewhat lower than that from the simulations, at 67% and 69% for the same ranges, an
improvement of ≈ 12 and ≈ 14%µm from substrate transmission at the relevant ranges.
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8 Appendix

8.1 Lumerical geometric script

Listing 1: Geometry spesification script for Lumerical that was used specifically for Moth-
eye. The scripts for the other geomtries followed the same recipe but with slight changes.

1 d e l e t e a l l ;
2

3 hex = true ; #hexagonal or square s t r u c t u r e
4 xd i s tance = 1 ;
5

6 i f ( hex ){ xd i s tance = s q r t (3 ) ;}
7

8 f o r ( i =1:nx ) {
9 f o r ( j =1:ny ) {

10 addcustom ;
11 s e t (”name” ,” parabola ”) ;
12 s e t (” mate r i a l ” , mate r i a l ) ;
13

14 s e t (” x ” , d i s t anc e ∗( i −2)∗( s q r t (3 ) /2) ) ;
15 s e t (” y ” , d i s t anc e ∗( j −2)+ (0 . 5∗ d i s t ance ∗ xd i s tance )

) ;
16 s e t (” z ” ,0) ;
17 s e t (” x span ” , he ight ) ;
18 s e t (” y span ” , r0 ∗2) ;
19 s e t (” z span ” , r0 ∗2) ;
20

21 a=4∗he ight /( r0 ) ˆ2 ;
22 ?eqn = ” s q r t ( ( x+”+ num2str ( he ight ) + ”/2)/”+

num2str ( a )+”) ” ;
23

24

25 s e t (” equat ion un i t s ” ,”m”) ;
26 s e t (” c r e a t e 3D ob j e c t by ” ,” r e v o l u t i o n ”) ;
27 s e t (” equat ion 1” , eqn ) ;
28

29 s e t (” f i r s t a x i s ” ,” y ”) ;
30 s e t (” r o t a t i o n 1” ,90) ;
31 }
32 i f ( hex ){ xd i s tance = 1 ;
33 } e l s e { xd i s tance = 0 ; }
34 }
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