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ABSTRACT
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Camouflage has a very important role on a modern battlefield, and developments in camou-
flage have always contested with developments in imaging technology. Hyperspectral imaging
solutions in use today have the capability to distinguish between natural and camouflage mate-
rials based on the difference in manner in which they reflect light - the spectral signature. As a
result, there is a pressing need for developing new camouflage materials which can compete with
hyperspectral imaging in a wide spectral range.

Dielectric multilayer thin films are a well-developed optical coating technology that allows for
creation of efficient reflective and antireflective coatings, gratings, filters, etc. Optical properties of
such multilayer thin films can be adjusted with very high precision using specialised analysis and
optimization tools to vary thickness and material of the layers.

In this thesis, hyperspectral camouflage materials are developed on the basis of dielectric
multilayer thin films. While similar materials have been proposed previously for two-dimensional
substrates, this work offers a drastic improvement in optical performance via a solution applicable
to three-dimensional objects, namely coating with atomic layer deposition (ALD) method. ALD and
more conventional ion beam sputtering techniques are used to deposit TiO2 and AlsOg thin films
with distinct properties, and ellipsometric data is employed to numerically optimise and analyse
multilayer structures. Simulation results have produced designs with close adherence to the target
material spectra in the 400-750 nm, 750-1800 nm wavelength ranges and their combination, on
quartz glass and Si substrates. On metal substrates, this work shows the need for intermediate
layers or system-scale solutions for acceptable performance.

Multilayer thin films deposited on quartz glass have shown close adherence to the numeri-
cal results, giving good reproduction of spectral features of natural materials in all wavelength
ranges. The narrower the range - the lower the required complexity of the multilayer stack, and
experimentally better spectral response across the range. The biggest disadvantage of the thin
film multilayer approach is high gloss, which is undesirable in a camouflage material, so meth-
ods of gloss reduction were investigated. When deposited on sanded glass substrates gloss was
reduced proportionally to increased surface roughness, however the quality of spectral response
was reduced. Chemical etching of substrates with HF after sanding has resulted in change of sur-
face morphology, decreased gloss and further decline in quality of reproduction of natural material
spectra. Hyperspectral imaging has shown that the reduction of gloss and consequental increase
in diffuse reflection has resulted in a camouflage material that, in certain conditions, improved on
the capabilities of current camouflage technology.
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LIST OF ABBREVIATIONS AND SYMBOLS

Abbreviations

ALD Atomic Layer Deposition

BRDF Bidirectional reflectance distribution function
CBM Common Beam Mask

CCD Charge-Coupled Device

CMOS Complementary Metal Oxide Semiconductor
CVvD Chemical Vapour Deposition

HF Hydrofluoric acid

HSI Hyperspectral imaging

IBS lon Beam Sputtering

IS Integrating Sphere

NIR Near-Infrared wavelength range (750—1800 nm)
PVD Physical Vapour Deposition

RAE Rotating Analyser Ellipsometer

RGB Red-Green-Blue

SEM Scanning Electron Microscope

TRL Technology Readiness Level

URA Universal Reflectance Accessory

VIS Visible wavelength range (400—750 nm)
Symbols

B Magnetic flux density

D Electric displacement
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Electric field strength
Magnetic field strength
Electric current density
Permeability

Tilted optical admittance

Unit vector in direction of propagation of a wave

Wavelength

Permittivity

Electric field vector amplitude
Magnetic field vector amplitude
Amplitude reflectance

Electric charge density

Electric conductivity

Amplitude transmittance
Irradiance

Extinction coefficient

Complex refractive index

Real part of the refractive index
Reflectance

Transmittance

Optical admittance



1. INTRODUCTION

In modern military environments role of camouflage can hardly be understated. As per
definition of camouflage - "The use of natural or artificial material on personnel, objects,
or tactical positions with the aim of confusing, misleading, or evading the enemy"[1] the
primary goal of camouflage can be summarized as allowing soldiers and military objects
to blend in with the background of their surroundings - improving their survivability[2].
The concept of camouflage dates back thousands of years, however in its modern under-
standing the formal study of camouflage started in the early 1900s with work of Abbott
Thayer - a painter fascinated with patterns allowing animals to mimic the landscape of
their habitats[3]. Work by Thayer and his contemporaries ultimately resulted in introduc-
tion of dazzle camouflage for ships in the First World War, and by the time of Second
World War the emergence of disruptively-patterned camouflage uniforms[4].

Development of camouflage created a strategic need for methods of detecting camou-
flaged objects, and the idea of technologically surpassing the capabilities of human vision
for that goal soon followed - with one of the early examples being infrared photographic
films for aerial surveillance like Kodak Aerochrome, which exploited high near-infrared
reflectance of many paints and dyes used at the time to distinguish camouflage material
from natural foliage[5]. As a result, modern camouflage materials are almost uniformly
treated to bring reflectance in the near-infrared part of the spectrum to that of natural
materials[6]. For a long time, that was sufficient to achieve the desired tactical goals,
however around the turn of the century the development of digital cameras, multispectral-
and later hyperspectral imaging (HSI) allowed to differentiate those camouflage materi-
als from natural ones based on minor differences in how they reflect light - the so-called
spectral signature[7]. With emergence of affordable man-portable hyperspectral imaging
solutions[8] much development efforts in the field of camouflage, as well as this work,
focus on creating materials which would more precisely mimic the spectral signature of
natural materials in a wide range of light wavelengths|[6].

Thin films are nearly ubiquitous in the modern world, to the point where one would be
hard-pressed to find an urban space lacking objects coated with them. Tracing the history
thousands of years back to decorative gold leaf gilding[9], modern thin film processes
developed with invention of effective vacuum pumps in the 18th century, ultimately pro-
ducing optical coatings on camera lenses and window glass, hard coatings on working



surfaces of tools, thin layers of conductors and insulators underlying microelectronics,
among others[10]. The unique feature that allows thin films to embody a variety of phys-
ical, chemical, electrical, etc. properties is the process of their manufacture - as the thin
films are built up essentially atom-by-atom their properties can be tightly controlled. Key
to control of thin film properties lies in understanding of surface science of thin film nucle-
ation and associated surface processes, starting with Thomas Young’s 1805 treatise on
wetting of solid surfaces, as well as Irwing Langmuir’s work on surface chemistry in early
20th century[9].

Industry made no delay in incorporating technological advances in vacuum deposition -
and first antireflective optical coating made by evaporation of dielectric magnesium fluo-
ride was patented by Zeiss in 1935[11]. While metals, even in very thin layers, tend to
heavily absorb and/or reflect light and so are primarily suitable for production of mirrors,
interaction of thin dielectric layers with light can be tailored with more precision. When
a multilayer structure is built up of thin film dielectric layers, the optical response can be
modified by changing the refractive index of the layer material or the thickness of the lay-
ers - creating high performance antireflective coatings, gratings, mirrors, filters, etc. [12].
Mathematically, optical properties of thin films can be modeled by Fresnel equations with
complex refractive indices, but typically the transfer-matrix method[12] is used to take in-
terference effectively into account - creating basis for optical coating optimization tools of
today.

Finally, while there is current research into improving dyes, pigments and coating currently
used in camouflage to tailor their spectral signature[13, 14, 15], considerable interest ex-
ists in exploring novel materials with potential to overcome the limitations of the existing
camouflage[16, 17, 18]. Since dielectric thin films are very well understood from both the
point of view of their manufacture as well as tailoring their optical properties in a wide
range of light wavelengths, they are a natural fit to produce a candidate for camouflage
material of the future. While thin-film based camouflage materials have been proposed
in the past[19, 20], their reflectance in visible and near-infrared has shown large devi-
ations from natural materials. In this thesis, the particular challenges that are involved
in tailoring multilayer dielectric thin films for use in wide spectral range camouflage are
considered and results applied to development of a methodological approach to fabrica-
tion of a hyperspectral camouflage material. To that extent, the necessary background
- theoretical and practical frameworks of this thesis - are described in Chapter 2. Then
the methodology used for modelling and experimental research of this work is outlined in
Chapter 3, and finally the results are analysed and conclusions drawn in Chapters 4 and
5 respectively.



2. THEORETICAL BACKGROUND

Hyperspectral imaging (HSI) extends the concept of traditional RGB imaging to imaging of
hundreds of spectral bands in a wide spectral range. Due to high spectral resolution and
broad spectral range stretching from ultraviolet to near-infrared (even as far as long-wave
infrared), HSI is an imaging spectrometric technology which allows for determination of
material properties and even chemical composition based on the material’s spectral sig-
nature. In this work a methodological approach to fabrication of a camouflage material
based on dielectric thin multilayers is proposed, for the purpose of mimicking natural ma-
terials to compete within this new imaging landscape. To that extent, this chapter presents
the background relevant to the contents of this work. First, dielectric thin film multilayers
are examined - from physics of light interaction with thin dielectric layers to a framework
sufficient to analyse complete coating systems. Then, imaging and camouflage technol-
ogy are both presented in context of modern developments in respective fields, laying the
groundwork for this examination and allowing to set design goals compatible with practical
limits of imaging.

2.1 Physics of light interaction with thin films

In this section the theory pertinent to physics of light interaction with thin film multilayers
will be introduced. Since the main framework used to describe light in thin films is the
Abeles transfer-matrix formalism, it will be in focus of this section. Since the treatment of
the subject in this work is by necessity brief, the readers with interest in a more general
description of the topic are directed to common optics[21], optical coating[12] and surface
science[22] textbooks.

2.1.1 Nature of light

To set the stage for our discussion of light interaction with thin films, let us first shortly
consider the current understanding of the nature of light. Thanks to the thorough work of
physicists of the 20th century, our view of the nature of light is two-fold: as a collection
of particles (photons) as well as a wave. Those seemingly contradictory properties of
light are revealed in different experimental conditions - i.e. photoelectric effect and the
double-slit experiment. As a consequence of this duality, while we have to consider both



of the perspectives on light’s nature we can engineer materials to make use of specific
properties of light - and in this work interference - a wave-like property - plays a key role.

Generally, when we think of light we consider it as an electromagnetic wave (Figure 2.1),
with electric and magnetic field oscillating at the right angles to each other and the di-
rection of wave propagation. Light travels at the speed of light ¢ and has a wavelength
A which is defined by how fast the fields are oscillating. In addition, light has a property
known as polarization - describing how direction of the electric field evolves with time.
For linearly polarized waves the electric field stays in a single plane, and for circularly- or
elliptically-polarized waves rotates around the direction of propagation.

Figure 2.1. Linearly polarized electromagnetic wave

When light propagates across boundaries between and through different materials, three
main processes will take place: reflection, transmission and absorption - illustrated in
Figure 2.2. While many frameworks exist to understand physics of light in specific appli-
cations - ray optics, wave optics, quantum optics, etc. this work aims to give a description
of an approach specific to analysis of optical dielectric thin films. To be specific, the goal
is to accurately describe reflection and transmission from dielectric thin film interfaces
for different light polarizations and incidence angles, interference between those waves,
absorption inside the film layers, as well as to take into account the possible reflection
from the substrate backside (Figure 2.2). In addition, this work describes the distinc-
tion between two types of reflectance - specular and diffuse. Multiple formal descriptions
for light transfer through thin films have been created ([23, 24, 25]), however this work
focuses on one created by Abeles[26] - suitable for isotropic materials with no direct mag-
netic interactions.

2.1.2 Maxwell’s equations and basic concepts

Classical description of electromagnetic interactions that is appropriate for handling a
wide variety of physical phenomena is given by Maxwell’'s equations, so this description



Reflected light

Transmitted light

Figure 2.2. Light interaction with multilayer thin films (after [27])

begins with those, in formulation suitable for isotropic media[12]:

. 0D
0B
V.B=0 (2.4)

Maxwell’s equations relate a number of fundamental electromagnetic quantities - E elec-
tric and H magnetic field strengths, D - electric displacement, B - magnetic flux density
as well as j - electric current density. An important note at this stage is that charge den-
sity pg in the above equations is distinct from the reflection coefficient p introduced later
in this work.

To solve Maxwell equations, a set of relations between the quantities specific to examined
materials is needed as well, which for isotropic materials are:

j=0FE (2.5)
D =¢cE (2.6)
B=uH (2.7)

Maxwell's equations are rather complex, with many possible solutions as well as inter-
pretations, so this work focuses on specific ones and readers interested in a general
treatment are directed to a variety of monographs on the subject. One of the key so-
lutions to equations (2.1) - (2.7) is the case of linearly polarized plane harmonic wave:



E = Eeapliv(t — z/v + ¢)] = Eeapliwdlexpliv(t — z/v)), (2.8)

which represents a plane electromagnetic wave propagating along the z-axis with speed
v. The angular frequency of the wave is denoted by w, relative phase as ¢ and its vector
amplitude as &. When combined with the phase factor expliwd], the vector amplitude &
becomes complex, which is important for later calculating the instantaneous power of the
wave. Linear polarization refers to the direction of the electric (and by proxy - magnetic)
field - specifically that it stays in one plane along the direction of propagation. Linear
polarization is a specific case of elliptical polarization, but since elliptically polarized wave
can be constructed as a combination of a horizontally and vertically linearly-polarized
waves with a phase difference, it is sufficient to consider the linear polarization cases for
the purpose of this work.

Another concept that is derived from Equations (2.8) and (2.5)-(2.7) is that of a complex
refractive index:
N="S—n—ik (2.9)

v

relating the speed of an electromagnetic wave in a material to the speed of light via
two parameters - n - real part of the refractive index and k - extinction coefficient. n is
colloquially referred to as just "refractive index" since for ideal dielectrics (approximating
many optical materials) £ = 0 and N = n. n and k are conventionally set to be real and
positive to remove ambiguity. Arguably most well-known use of refractive index is relating
change in direction of propagation (angle 6 to boundary normal) of a wave on passing a
material boundary - Snell’s law:

N1 sin 61 = N2 sin92 (: N3 sin93) (210)

If the form of Equation (2.10) is examined with relation to Figure 2.2, it is clear that with
knowledge of angle of incidence on the film and refractive indices of the layers one can
immediately calculate the angle of light propagation through any layer - which becomes
important to the derivation later on.

In vast majority of materials, the refractive index varies significantly for different wave-
lengths of light, giving rise to phenomenon known as dispersion - showing difference in
bending of light of different wavelengths according to Snell’s law. As a result, for wider
wavelength ranges it is more important to use accurately measured or modeled values of
the refractive index.

If we combine equations (2.9) and (2.8), including the definition of wavelength as A =
27e/w and setting the phase to 0 for clarity we obtain the following:

E = fexplivt + (2rN/N)z] = Eexp|— 2wk /N)z]expliwt + (2mn/N)z] (2.11)



Examining the second, separated form of the equation (2.11) we see that expliwt +
(2mn/\)z] describes the propagation of the wave through space, and exp[—(27k/\)z]
the exponential decay of its amplitude as the wave propagates. With this we can later
consider the decay of both the amplitude as well as power carried by the wave as it
propagates through an absorbing medium.

A concept related to complex refractive index that is convenient to introduce at this point
is that of optical admittance:

y = N+/€o/ o, (2.12)

where m is the optical admittance of free space. Using Maxwell's equations, ma-
terial relations and Equation (2.11) it can be shown[12] that (once again, in absense of
direct magnetic interaction) admittance can be used to relate the electric (£) and mag-
netic (H) field strengths of a plane harmonic wave in a material:

H=y(3xE), (2.13)

where s is the unit vector in direction of propagation of the wave.

Since one of our main points of interest is the power transfer (reflectance, transmittance,
absorbance), this work uses irradiance - the mean power transferred by a wave across a
unit area, which for a plane harmonic wave takes the following form in terms of complex
scalar magnitudes of electric and magnetic fields:

1 1
1= §Re(EH*) = §yEE* (2.14)
The form of Equation (2.14) is linear and therefore can also be used for multiple harmonic
waves propagating at the same time by simply summing the corresponding complex mag-
nitudes.

An Equation (2.11) was already introduced for electric field of the wave as it travels in
absorbing media, and then Equation (2.14) is used to derive the evolution of its irradiance,
a version of the Beer-Lambert law:

I = Iyexp|—(4mk/\)z] (2.15)

When considering the choice of thin film material, high & is typically undesirable since
high light absorption makes the process of controlling reflectance through interference
more complex.



2.1.3 Coherence

Before undertaking discussion of optical properties of material boundaries and thin films,
it is convenient to discuss the concept of coherence. In simple terms, coherence is a
statistical property of light that defines its ability to undergo interference. On macroscale,
if the beam from a highly coherent source, i.e. a laser, is split and the resulting beams are
recombined on a screen, interference between the two beams will be observed. On the
other hand, the procedure is repeated with a non-coherent source such as a lightbulb, the
irradiances of the two beams will simply add up without interference. However, certain
amounts of coherence can be ascribed to any light source, quantified by values such as
coherence time or coherence length. Owing to its monochromaticity, laser light has high
coherence length, so would produce interference at very long distances, and a lightbulb
would only produce interference patterns at very small distances. Thin films are typically
defined as being between nanometers and micrometers in thickness[22] - comparable to
wavelength of light - sufficiently thin that sources typically thought of as incoherent such
as light of a lightbulb or natural sunlight will exhibit wave properties and produce inter-
ference. However, the case is different for a typical substrate material - which will be in
mm thickness scale and when considering i.e. reflection of the backside of the substrate
simple (incoherent) addition of light irradiances (and therefore reflectances and transmit-
tances) is sufficient. In the upcoming derivation the assumption is taken that within the
thin films we can consider the light as completely coherent, while in the (thick) substrate
- completely incoherent. While transfer-matrix methods that allow for simultaneous con-
sideration of coherent, partially coherent and incoherent cases have been developed[23],
they have not yet been implemented in software [28].

2.1.4 Simple boundary at normal incidence

Now all groundwork has been laid to tackle the problem of light transfer through a simple
boundary between two materials - at normal incidence, with non-absorbing media. At
such a boundary there exist three waves - incident, transmitted and reflected. To begin
with, the convention is set for signs of electric and magnetic fields - it is mathematically
convenient to set the electric field vectors to point in one (positive) direction (parallel to the
boundary), and since the incident and transmitted waves propagate in the same direction
their magnetic field vectors would then point in positive direction while the magnetic field
vector of the reflected wave would point in negative direction.

In this analysis and the analyses that follow, we can set a fundamental boundary condition
- the tangential components of E and H must be continuous across the boundary be-
cause there is no mechanism that will change them. With the boundary condition and sign



convention described, the following pair of equations for field amplitudes can be derived:
E+8E,. =8, H, — H, = H, (2.16)
Transforming % to & with Equation (2.13) and eliminating &;:

Y& — Yobr = &, (2.17)
Y& — Y&, =1 (& + &) (2.18)

The equation above is then used to derive the amplitude reflectance p:

&, _ Yo~

& Yo+

(2.19)

And via a similar derivation, instead eliminating &, and deriving amplitude transmittance

T
& 2
r=2t_ 20 (2.20)
Ei Yo+t
And then Equation (2.14) is used to find reflectance and transmittance:
1 yo—u\’
R="— 2= (M> (2.21)
I; P Yo + Y1
I 4
Ii o (Yo +11)

Since transmitted and incident waves propagate in two different media, unlike the inci-
dent and reflected wave, transmittance calculation has the additional factor of y; /yo. In
addition, R +T" = 1, as expected for non-absorbing media.

2.1.5 Oblique incidence and absorbing media

Then the case of oblique incidence on a boundary between non-absorbing media is con-
sidered. In Figure 2.3 the conventions are set for directions of electric and magnetic
field for two different linear polarization cases: p-polarized, where electric field is in the
incidence plane, and s-polarized, where magnetic field is in the incidence plane. It is
important to note that the conventions used in this thesis follow those set by Macleod[12]
and differ from ones commonly used in ellipsometry.

It is tempting to at this stage immediately apply boundary conditions similar to Equation
(2.16) and follow the same derivation steps, but doing so one would arrive at R + T #
1[12] since in this work definition of irradiance is defined in the direction of the wave
propagation, and the transmitted wave is in a different direction compared to incident
one. The generally used approach, consistent with reflectance/transmittance in terms of
power of confined light beams[12], is to instead consider the energy flows normal to the
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Figure 2.3. (a) Convention for electric and magnetic vector directions for p-polarized light,
(b) convention for electric and magnetic vector directions for s-polarized light

boundary, replacing E and H with their components tangential to the boundary - £ and
H. The approach used above can then be applied to find the Equations (2.21) and (2.22)
are still valid on replacement of admittances y with tilted optical admittances 7, different
for the two considered polarization cases:

H
= 2.2
1=z (2.23)
)
= 2.24
"Iy cos 6 ( )
Ns = 1y cosf (2.25)

A similar mathematical approach can be used for absorbing media at normal incidence[12],
with the alterations to Equations (2.21) and (2.22) that are required due to now dealing

<yo - yl)
Yo+
4yoR€(yl)

T = 227
(o +y1) (Yo + y1)* (@27)

with complex refractive indices:

2

R=|p|* = (2.26)

Equations (2.26) and (2.26) can also be adjusted to use with oblique angles of incidence
via replacement of admittances y with tilted optical admittances 7[12].

2.1.6 Single thin film layer

Next step in our derivation is consideration of the case of light incident at single thin film
layer with two boundaries a and b at an oblique angle, surrounded by infinite incidence
and exit media - schematically illustrated in Figure 2.4: At this point, since multiple re-
flections from the boundaries create many counterpropagating waves in the thin film, it
is convenient to consider the fields due to the sum of waves propagating in the same
direction as the incident wave, denoted with +, and the counter propagating waves de-
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Figure 2.4. Plane wave incident on a thin film

noted with —. In this case there is no counter-propagating wave in the exit medium. The
amplitudes of tangential electric and magnetic fields on the boundary can be written as
follows:

Ey=EH+E,

Hy = mE —mEyy,

which is used to derive the expressions for the electric field amplitudes of the resultant
waves as:

1
£l = 5(7'%/7]1 + &)

1
En = 5(_7{1:/771 + &)
and the corresponding magnetic field amplitudes:

1
Hi, =mES, = 5(7{1) +m&Ep)

_ _ 1
Hy,=-—mEy = 5(7'% - Ulgb)

The above equations can be used to derive corresponding amplitudes on the boundary
a via introducing a phase factor 6 from Equation (2.8) - propagating from —d to 0 with

optical distance N;d cos 6;:
. 27TN1d1 COS 61

A
It is important to note the phase factor will have opposite signs for the counter-propagating

J

waves. The background work is now sufficient to derive the field amplitudes on the bound-



12

ary a:
E.=El,+E,=ELe" +E3e”
1 o 1 —i6
= _(Hb/nl + gb)e + _(_Hb/nl + Sb)e
2 2

el 4 =i o _ o—if
-R e -°
() v ()

7sin

T

=&pcosd+H,

Ho=H|, +H, =He® +Hye ™
1 w0, 1 —if
= 5(’1‘{1, +m&y)e” + 5(?—[1, —m&yp)e
ot _ o—i0 eif 1 =i
—£ c -° e re
bTh ( 5 ) + Hs ( 5 )
= Epiny sind + H; cosd

As well as combine the equation system into a matrix connecting the field amplitudes on
the boundaries a and b:

&, cos 0 1sind E
_ ( )/m b (2.28)
H, iny sin § cos d Hy
Which can be normalized by dividing with &, :
EE B cos 0 1sind 1
/€ _ _ ( )/m (2.29)

H./Ep C iny sin o cos M2

B
where is called the characteristic matrix of the structure.
C

2.1.7 Thin film multilayers

By examining the Equation (2.28), it is straightforward to see how it can be applied to
arrive at a characteristic matrix of a multilayer thin film system. For each thin film layer
a matrix is derived relating the fields on its boundaries, then matrices are multiplied and
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normalised them alike to Equation (2.29), arriving at the following:

B a | coso, (isind,)/n, 1
4 (isind.) | 230
C r=1 |in, sin o, cos 0, Ms
where
27 N,d, cos 0,
= (2.31)

When dealing with matrices it is crucial to multiply in the correct order - from the layer
farthest from the substrate to the closest one. From the characteristic matrix the input
admittance Y of the entire multilayer structure can be calculated:

H, C

V="== 2.32
g B (2:32)

Since the input admittance Y contains information about the whole multilayer structure
and relates the tangential field amplitudes on the surface, it can be used identically to
the simple boundary input admittance y derived previously to calculate the amplitude
reflectance and reflectance of the entire structure (following from Eg-s (2.19) and (2.26)):

m—Y
= 2.38
. (2.33)
2
o —Y
R=|pf = 772? (2.34)

2.1.8 Backside reflection

At this point the mathematical apparatus necessary for calculating the reflectance of thin
film multilayers with infinite incidence and exit media has been derived. Such an analysis
would for real substrates only in case where the exit medium (substrate) is either com-
pletely transparent or highly absorbent so no reflection back into the film would occur. For
the purpose of this work also the additional influence of the substrate where there may be
reflection from its backside is considered. As discussed previously, for the purpose of this
work substrates are taken to be thick so reflection from the backside would be incoherent
and irradiances of the rays propagating through it can be added instead of considering
field amplitudes. It must also be noted that when the multilayer stack is made of absorbing
materials reflectance of the stack can differ depending on direction of wave propagation,
but transmittance stays identical. Reflectance of the multilayer-substrate boundary in the
counter-propagation direction can be calculated by transposing the matrices in Eq. (2.30)
and multiplying them in reverse order. The same + and — conventions are observed as
in the previous analysis and consider the light transfer in Figure 2.5, arriving at Equation
(2.35):
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Figure 2.5. Incoherent reflection from the substrate backside

R=R+ TaeﬁRbeﬁ(Ta + R;eﬁRbeﬁ(Ta...), (2.35)
where
4mk cos Od,
B = D

as per Eq. (2.15). We note the reflection series is geometric with the sum:

R— R+ Tasz€26

i (2.36)

2.1.9 Specular and diffuse reflection

In addition, let us consider how the roughness of the surfaces and interfaces may affect
the way light is reflected. Most optical surfaces are made to be very flat, so that the wave-
front of propagating light stays as undisturbed as possible. As a result, light beams are
reflected specularly (Figure 2.6, left) and remain as an undisturbed beam. Pure specular
reflection creates two possible situations: either an observer is in the path of the reflected
beam (observer A) and see a very bright image of the source, or they are not in the path
of the reflected beam (observer B) and see i.e. the light transmitted through from the
backside of a transparent substrate. For purely diffuse reflectance, on the other hand,
both observers A and B see light of similar irradiance, i.e. radiance varying according to
Lambert’s cosine law. Diffuse reflectance is commonly observed for samples with rough
surfaces, where the light is effectively scattered by the surfaces on reflectance. For quan-
tifying how much of the light is reflected specularly from the surface, a gloss measurement
can be used.

While diffuse reflectance may be preferable for some practical applications, surface rough-
ness has a drastic impact on the optical properties of a multilayer thin film. Specifically,
light interference inside films with rough surfaces/interfaces can no longer be treated with
the completely coherent approach described in this work[23, 24]. Rough surfaces induce
scattering of the beam propagating in the film, changing the angle of light propagation
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Figure 2.6. Two types of reflectance from interfaces

through the film as well as directly varying the optical path length for different parts of the
light beam - resulting in variance in phase and partial destruction of interference. As a
result, thin films deposited on non-optically flat substrates will show difference in optical
response from the predictions using framework we have discussed i.e. as implemented
in OpenFilters[28].

2.2 Hyperspectral imaging and camouflage

Similarly to how in the previous section there was a need to consider both wave and
particle perspectives when discussing physics of light, when aiming to create a practical
hyperspectral camouflage material both perspectives of hyperspectral imaging (HSI) and
features of natural materials that such a material would aim to emulate have to be consid-
ered. In this section specifics of hyperspectral imaging in relation to camouflage detection
are discussed and the information is used to direct design of practical multilayer thin film
camouflage.

To begin discussion on camouflage and detection, first the crucial concept of signature
is defined as any characteristic of an object making it distinguishable from background
with a sensor[2]. In context of this work, then, spectral signature can be defined as op-
tical spectral characteristics of a material making it distinguishable from the background
(based on how material reflects light). Goal of an effective camouflage material is mini-
mization of such a spectral signature - so-called signature management.

In discussion of camouflage and more broadly hyperspectral imaging and detection, the
field of remote sensing has found a general characteristic defining interaction of mate-
rial with light in bidirectional reflectance distribution function (BRDF). BRDF describes
reflectance of an object with respect to multiple variables: light wavelength, direction of
incident light as well the direction towards the detector (camera) with respect to surface
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normal [29]. Both directions in question are described by two scalars - azimuth and zenith
angle. This description of material interaction with light includes "simple" specular re-
flectance as we have defined it in Section 2.1 with incident and reflected rays in the same
plane and at the same angle with respect to surface normal as well as situations where
light is scattered by the material - diffuse reflectance. BRDF can be used to describe large
assemblies of different materials with varying reflectances/BRDFs of their own, such as
vegetation canopies and with advanced modelling techniques assembly parameters can
be calculated from BRDF[30]. Since BRDF, in whole or in part, can be derived from hyper-
spectral data[29], signature management for optical camouflage materials then requires
adjusting BRDF to resemble natural materials of the background.

While concept of BRDF is useful in context of HSI, it is unwieldly in context of multilayer
thin films. As discussed in Section 2.1, most theoretical descriptions and software for
optical thin film design center on flat substrates and flat films so that transfer can be
considered fully coherent. To extend these for consideration of complex 3D textured sub-
strates and textured films would require introduction of both partially coherent transport
methods as well as raytracing, complicating the optimization problem in question. In ad-
dition, since camouflage materials take a large number of forms including i.e. camouflage
nets containing patches of camouflage material at varying angles, ultimately some of
the characteristics of natural material BRDF can be emulated in context of the complete
camouflage system. Consequently in this work we focus on optimization of near-normal
incidence reflectance spectrum as spectral signature of interest, and discuss angle de-
pendence of the spectra as well as minimization of reflective gloss as ways to extend our
treatment.

Deriving the spectral signature i.e. reflectance spectrum of a material from its hyperspec-
tral image requires a detailed understanding of processes involved - from characteristics
of illuminating light, radiative transfer models discussing propagation through the atmo-
sphere, reflection from the material, propagation through the atmosphere to the imager,
and finally the characteristics (i.e. sensor transfer function) of the imaging system [29]. In
the upcoming material a brief account is given of the factors that have significant impact
on camouflage characteristics and design.

2.2.1 Spectral camouflage materials

As a consequence of improved capabilities of imaging technology, research into camou-
flage materials has expanded to consider camouflage in many light wavelength ranges -
from ultraviolet (UV) to long-wavelength infrared (LWIR). In addition, combination of both
wide spectral range and high spectral resolution available in modern HSI systems allows
for discrimination of camouflage materials in visible-near-infrared range where existing
camouflage technologies were previously sufficient. An overview of spectral camouflage
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materials is presented in Figure 2.7.

There is ambiguity in literature as far as nomenclature used to refer to different wavelength
ranges is concerned. In this work the visible (VIS) wavelength range that is observable to
a human eye is defined to be 400-750 nm. The adjacent 750—-1800 nm range is referred
to as Near-Infrared (NIR). The specific limits of the two ranges are chosen to reflect
the range of common hyperspectral imaging sensors (Section 2.2.4), as well as imaging

conditions (Section 2.2.5).
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Figure 2.7. Overview of spectral camouflage materials with respect to design approach,
wavelength bands and Technology Readiness Level(TRL), technologies specifically in-
vestigated in this work highlighted (Modified from [2] with permission)

By examining the various spectral camouflage technologies, traditional absorbing dye/pigment
based technologies (highlighted in orange), while technologically well-understood, only
allow for precise replication of spectral features in a relatively narrow wavelength range
centering on visible. At the same time, pigments that have potential for extending that
range have either practical concerns relating to their integration or have not been suffi-
ciently technologically explored. On the other hand, multilayer interference class of spec-
tral camouflage materials to which materials developed in this work belong (highlighted in
blue) has potential of spanning a wide wavelength range as well as reaping the benefits
of being a well-established technology. The main practical concern relevant here - gloss
- refers to high specular and low diffuse reflectance (see 2.1.9). Low gloss is one of the
most desirable properties of a VIS-NIR spectral camouflage material[31], and potential
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ways of managing gloss are examined in the experimental part of this work.

2.2.2 Target materials

At this point the natural materials in focus of this work are introduced - green heather
(Figure 2.8) and pine bark (Figure 2.9). Common woodland camouflage patterns consist
of two categories of colours - light and dark greens that imitate foliage, and browns/blacks
that give illusion of shadowed areas as well as imitate soil, tree bark, etc. Light colours,
due to having more light reflected off of them provide higher signal-to-noise ratios in an
image, which in turn results in higher dynamic range and potentially better detection and
resolving of spectral features. Additionally, the entire spectrum of a material can be atten-
uated by addition of a top coating of broadly absorbing substance, darkening the colour.
As a result, this work focuses on two materials with relatively bright colours belonging to
the two groups - green foliage represented by green heather, a shrub common in Finnish
nature, as well as orange-brown pine bark. Reference reflectance spectra for the two ma-
terials "Vihred kanerva" and "Méannyn kaarna" have been provided by Scientific Advisory
Board for Defence of Finnish Ministry of Defense, and were found to be in agreement with
measurements from samples collected in the course of this work.

Figure 2.8. Vihred kanerva - Green heather in nature (left), isolated (right)

In addition, this work employs a reference camouflage material - Foxa Foxdura 1000D
fabric, in MO5 camouflage pattern (as seen in Figure 2.11) with NIR treatment, purchased
from Varusteleka Oy. Similar M05-pattern camouflage is in current use by the Finnish
military forces, and the material claims adherence to corresponding specifications. Re-
flectance spectra measured from M05 fabric samples are provided in Appendix B.

2.2.3 From RGB to hyperspectral imaging

As previously described in Chapter 1, around the turn of the century imaging technology
has seen rapid advancement, with sharp decrease in the cost, resolution and capabilities
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Figure 2.9. Mdnnyn kaarna - Pine bark (right), from a pine tree (left)

of digital imaging sensors. While multispectral imaging systems have been used in recon-
naissance satellites starting in the 80s, at the time of writing hyperspectral cameras are
man-portable and integrated into a variety of commercial aerial (UAV) platforms. Consid-
ering the current trends, hyperspectral cameras may soon become a common piece of
a soldier’s toolkit. RGB (Red-Green-Blue) sensors in essense take separate images in
three wide spectral sensitivity bands, imitating human vision, while multispectral imagers
are typically defined by having up to 15 and hyperspectral over 15, typically hundreds of
separately imaged narrow wavelength bands (i.e. 204 bands with 7 nm FWHM for the
imaging system used in this work) - as visualized in Figure 2.10.

RGB "true color" Multispectral Hyperspectral
1
208
S
@
é 0.6
®
E% 0.4
202 3 ]
JALL A

0 M M M M A
400 600 800 1000 400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 2.10. Development of imaging sensors from RGB[32] to hyperspectral: wave-
length bands

Materials reflect light differently, exemplified by their reflectance spectra. Different re-
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flectance spectra manifest as objects having visually different colours, however since the
eye gathers light in wide bands materials with the same colour can still have measurable
differences in their reflectance spectra. Under specific lighting conditions such differ-
ences can at times be seen with a naked eye in a phenomenon known as metamerism
[33]. In context of camouflage altering the visual appearance of materials to resemble
naturally occuring ones with dyes/coatings/etc. to blend well with the background when
observed with a naked eye or RGB camera is well-understood[15]. The large numbers of
wavelength bands available in a hyperspectral image allows, however, for resolving differ-
ences in light reflectance that may be invisible to human eye and RGB cameras despite
lying in the same wavelength range. The most straightforward way to visualize that is a
false-colour image, where Red, Green and Blue image channels are replaced with spe-
cific hyperspectral bands as shown in Figure 2.11 - allowing for visual differentiation of
materials that look similar to the naked eye.

Figure 2.11. Green heather brush on M05 camouflage fabric: (a) RGB image, (b) false-
colour hyperspectral image (R: 690 nm G: 634 nm B:738 nm)

Hyperspectral imaging can be framed in terms of associating a reflectance or transmit-
tance spectrum with every point on the 2D image. Like other spectroscopic techniques
HSI can then be used for determination of chemical and material composition in addition
to spatial distribution[34].

2.2.4 Wavelength range of hyperspectral imaging systems

In addition to the number of wavelength bands (spectral resolution), second most impor-
tant characteristic of a hyperspectral imager is its wavelength range. A wider wavelength
range allows for resolving a wider variety of spectral features, and better distinguishing
artificial materials from naturally occuring ones[7]. Regardless of system architecture,
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Table 2.1. Selection of currently available hyperspectral sensor types and their wave-
length ranges

Sensor type Wavelength range

Si Complementary Metal Oxide Semiconductor (CMOS) | 400—-1100 nm [35]

Indium Gallium Arsenide (InGaAs) 900-1700 (2500) nm [35, 36]
Si Charge-Coupled Device (CCD) 400-1100 nm [37]

Mercury Cadmium Telluride (MCT) 300 nm—13+ pum (tunable) [38]
Indium Antimonide (InSb) 3-5um [39]

Si Microbolometer array 8—12 um [40]

the wavelength range of a hyperspectral imaging system is often limited by the choice
of imaging sensor. A variety of imaging sensors is commercially available, and a short
selection of corresponding technologies is presented in Table 2.1. The wavelength range
of a sensor is defined by its quantum efficiency curve, with higher quantum efficiency
resulting in a larger proportion of light energy converted into electric signal, and quantum
efficiency in turn is largely influenced by the bandgap of the material of the sensor. While
a bandgap can be tuned to change the range via a variety of methods, the sensor material
is still the defining factor behind its wavelength range.

Naturally, the choice of an imaging sensor is defined by a variety of factors beyond
wavelength range, for example power consumption, the need for cooling with cryogen-
ics/thermoelectric elements/Stirling cryocoolers, dark noise, attainable resolutions and
price. Overall, Si CMOS is establishing itself as the most affordable as well as most com-
monplace hyperspectral sensor technology, since it does not require active cooling and
relatively little changes need to be made to adapt advancements in miniaturization, reso-
lution, sensitivity and unit cost from RGB cameras, with InGaAs as close second - giving
the 400—-1700 nm wavelength range special importance in this investigation (highlighted
in Figure 2.13).

2.2.5 Atmospheric light transfer

The light detected emanating from an object can be either the light reflected from it or the
light emitted by the object itself. This thesis focuses on 400—-1800 nm light wavelength
range, where emission is usually negligible so we consider the characteristics defining
light reflection from an object. In most conditions relevant to camouflage applications,
the incident is limited to sunlight - which in itself has a broadband black-body distribution
with fairly high irradiance in the entire 400-1800 nm range. However, light transmission
through the atmosphere is governed by a variety of factors which can have a dramatic
influence on the final measured spectrum. A complete treatment of atmospheric effects
on hyperspectral images is outside of the scope of this work, however we would be amiss
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not to factor transmission through the atmosphere into the analysis. We used MODTRAN
radiative transfer toolkit[4 1], which is commonly used in hyperspectral imaging to compute
atmospheric correction[42, 43, 44], to model near-surface atmospheric transmission in
conditions considered to most resemble Finland (Sub-Arctic Summer atmosphere model,
rural aerosol model, sensor altitude 1 km), with results presented in Figure 2.12.
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Figure 2.12. Reflectance spectra of select natural materials (blue) with tolerances (grey),
atmospheric transmittance (orange) as well as wavelength range definitions used in this
work

By examining the transmittance spectrum in Figure 2.12 in comparison to reflectance
spectra of select natural materials, there are two spectral bands where practically no light
passes through the atmosphere - approx. 1350-1460 nm and 1800-1960 nm. To be
specific, those correspond to the absorbtion bands of water vapour, which atmosphere
contains a significant amount of (global mean of 0.25 mass-%, varies greatly locally [45]).
In those bands the reflectance of a camouflage material can be allowed to vary from
reference without impacting its spectral performance in practical applications..

2.2.6 Reflectance spectra of natural and camouflage materials

Having considered the effects affecting hyperspectral imaging, next this work considers
ways hyperspectral (reflectance) data is analysed in context of defeating camouflage.
There is a variety of computational methods that can be used in the task of distinguishing
camouflaged objects from a natural background. Detection methods are split into two
groups - identification of objects that stand out from the surroundings without knowledge
of target spectral signature (anomaly detection), and detection of objects with known
spectral signatures (i.e. matched filter detection)[7, 39]. For countering anomaly detection
the spectral signature of the camouflage material has to simply be sufficiently close to the
natural materials which the background consists of. However when the spectral signature
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of the target material is known, it can be detected with more precision so a more detailed
imitation of natural material spectra is necessary. In context of this work it is critical
to note that illumination in a heterogeneous scene may vary drastically - from directly
lit to partially or fully shadowed, so identification of objects with HSI spectral signature
analysis often takes advantage of ratios of light reflected at different wavelengths ([7]). As
a consequence, replication of spectral features of natural materials (relative magnitude of
change in reflectance, wavelength at which change occurs) takes priority over attaining
the exactly equal absolute reflectance value. Overall in this work the tolerance has been
set to £+ 5% absolute reflectance from the respective reference spectrum.

Since this work has identified the spectral features of a camouflage material as one of
the major factors influencing their detectability, discussed next are the spectral features of
natural materials in VIS-NIR range that this work is attempting to emulate. In Figure 2.13
reflectance spectra of the materials in focus of this work are presented, and identifiable
spectral features that are present highlighted.
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Figure 2.13. Reflectance spectra of select natural materials, with highlighted spectral
features[13] and common hyperspectral sensor sensitivity ranges

The reflectance spectrum of green heather (Vihrea kanerva) highlights a number of fea-
tures specific to photosynthesizing green plants - specifically a peak around 550 nm (cor-
responding to green colour) resulting from light absorption by chlorophyll [13] in bands
around 450 and 700 nm, as well as a sharp increase in reflectance around 725 nm -
the so-called "red edge". "Red edge" is a sharply defined spectral feature, which makes
it highly identifiable, and the wavelength position of the edge is very similar in both dif-
ferent vegetation species as well as foliage of different age (i.e. older leaves will have
a lower green peak with same increase around red edge - making them appear orange
and red to the eye) [31]. In fact, the stark difference in the false-colour image of Figure
2.11 relies specifically on difference in position of red edge in green heather and camou-
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flage attempting to imitate foliage. Then, in both materials the reflectance stays relatively
constant between 750 and 1300 nm, forming a so-called NIR platform. After that both
spectra show features related to the absorption bands of water, which is present in nat-
ural materials - and since artificial camouflage materials typically do not contain water
those features are difficult to replicate [20]. While those features are partially obscured
by atmospheric absorption as discussed in 2.2.5, they are sulfficiently wide to influence
the spectrum shape broadly - in a manner that is potentially identifiable, and must then
be replicated faithfully in an effective camouflage material.
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3. RESEARCH METHODOLOGY

Having discussed the theoretical background of the thesis, the next step is description of
the experimental foundations of this work. This chapter first and foremost contains details
on the simulation and optimization of multilayer materials in focus of the investigation,
then deposition techniques, substrate preparation and modification and finally analysis
methods used to quantify the results and evaluate the performance of the developed
camouflage materials.

3.1 Simulation and optimization of thin film multilayers

In this section the thin film modelling software used in this work - OpenFilters[28] is briefly
described. The theoretical framework underlying it was discussed in Section 2.1, and
here practical details of its use are elaborated on. Main window of OpenFilters is shown
in Figure 3.1.
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Figure 3.1. OpenfFilters thin film modelling software
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OpenFilters offers an extensive catalog of materials, based on either parametric math-
ematical models or tables of values measured with spectroscopic ellipsometry where
appropriate. During the course of this work complex refractive index values measured
for specific dielectric materials used were added, since the deposition method with its
specific parameters has significant impact on the optical properties. Substrate refrac-
tive index values used in this work are shown in Appendix A Measurement process is
described in Section 3.4.

Before multilayer opimization can be undertaken optimization targets and parameters
have to be set. OpenFilters manages optimization targets per project, and for this work
reference reflectance spectra of natural materials discussed in Section 2.2 were used as
targets and incidence angle set to zero. Then for each filter design OpenFilters allows
for substrate material and thickness, as well as considered wavelength range and interval
between simulated wavelengths to be set. It is important to note that optimization may
result in strong oscillation in modelled reflectance in <10 nm wavelength intervals, which
may not be observed in practice due to interference-destroying effects[23] so in final de-
sign steps verification and further optimization at a small wavelength interval is a practical
necessity. In addition, according to results of OpenFilters preproduction analyses and ex-
perimental results, setting optimization target wavelength range to be slightly wider than
desired resulting range gives better performance on the edges of the spectral range. For
transparent and semi-transparent substrates it is crucial to set OpenFilters to consider
backside reflection in both monitoring and analysis.

A typical optimization in OpenFilters starts at adding a number of alternating layers of
dielectric materials with optical thickness of quarter wavelength at a set reference wave-
length within the total range. Then one of the numeric optimization methods is used to
arrive at a design closest to target. For materials and targets in this work two of the opti-
mization strategies offered by OpenFilters are suitable - refinement and needles method.
Refinement simply minimizes the value of merit function based on square of difference
between the values of target and simulated reflectance using the Levenberg-Marquardt
algorithm. Needles method alternates refinement and adding infinitestimally thin layers
to the points where the derivative of the merit function is most negative. Needles method
allows, then, to simultaneously optimize the number of layers and their thicknesses. Since
OpenfFilters utilizes local optimization [28] which may not result in a globally optimal solu-
tion, for more complex multilayers it is advantageous to consider a variety of initial param-
eters to arrive at an optimal design. In this investigation the main limit on manufacturability
was the total thickness of the multilayer due to limited growth rate of the deposition meth-
ods, and secondary limit was the minimum layer thickness which could be accurately
replicated. As a result the final optimization steps typically included removal of layers
under 5 nm in thickness as well as aforementioned final refinement at 1 nm wavelength
interval.
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After optimization is complete, OpenFilters offers a variety of analyses and corresponding
visualizations, i.e. reflectance at different incidence angles and polarizations, ellipsomet-
ric models, and preproduction analysis - allowing to predict the effect of random variations
in layer thickness on the resulting reflectance spectra. For this work the results of Open-
Filter reflectance analyses and refractive index profiles were exported and processed for
visualization in Matlab.

3.2 Thin film deposition

This section introduces the thin film deposition methods used in this work as well as di-
electric materials chosen for the multilayers. Since the two methods - lon Beam Sputtering
and Atomic Layer Deposition - belong to different groups of thin film deposition methods,
namely Physical Vapour Deposition and Chemical Vapour Deposition, they are introduced
in the greater context of corresponding groups and then experimental details pertaining
to this work are described.

3.2.1 Dielectric materials

There is a wide variety of dielectric materials that can be made into thin films, with many
available deposition methods to produce them and modify their properties. Primary fac-
tor defining an effective multilayer optical coating is the refractive index of the chosen
dielectrics. Following from Equations (2.21) and (2.12) reflectance from a interface be-
tween the two materials is proportional to the difference in their refractive indices. It is
undesirable to have very low interface reflectance since then the light is largely unaf-
fected, therefore the chosen materials should have a significant difference in their refrac-
tive index. Large changes in the refractive index within the operating wavelength range
of the camouflage material are also generally undesirable, since they would introduce
corresponding changes to the reflectance and complicate optimization. Usage of three or
more materials or gradient-index mixtures allows for more smooth changes in refractive
index and better control of the optical properties[46] as a result, however that brings its
own disadvantages in i.e. process complexity. Finally, the dielectrics must be stable in
the environments the camouflage material will be subjected to.

Following the requirements described above two materials were chosen as dielectrics to
use in this work - titanium dioxide (TiO2) and aluminium oxide (Al,O3). The two have a
significant difference in real part of the complex refractive index - approx 1.6 and 2.4 at
636 nm, and the refractive indices change little in 400—1800 nm range (see Figure 4.2).
Extinction coefficient k£ (imaginary part of the refractive index) of the two dielectrics is
low in the same wavelength range, allowing for effective reflectance modulation without
absorption playing a major role. Both TiOy, and Al,O3 can be produced with either of
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the deposition techniques used, and are chemically stable (allowing for post-deposition
annealing)[47, 48, 49].

3.2.2 lon Beam Sputtering

Physical Vapour Deposition (PVD) is a family of atomistic deposition processes which in-
volve vapourization of a solid or liquid precursor in low pressure or vacuum environment
and vapour transfer of precursor to the substrate where it condenses[50]. PVD can be
used to deposit thin films of different elements, as well as compounds by reactive de-
position in specific gas atmospheres or via co-deposition. A short list of common PVD
methods are listed in Table 3.1, distinguished primarily by the way source material is
vapourized.

Table 3.1. Some PVD methods and their major distinctions

Source material is vapourized by heating
_ - Thermal evaporation

Evaporation _
- Electron Beam evaporation

- Resistive evaporation

Source material is vapourized by particle bombardment
- lon beam sputtering (IBS)

Sputter deposition - Reactive sputtering

- lon-assisted deposition

- Gas flow sputtering

Pulsed laser deposition | Source material is vapourized by a high-power laser beam

Molecular Beam Epitaxy | Different vapourization methods, controlled epitaxial growth

lon Beam Sputtering (IBS) is a PVD method where an energetic ion beam source is used
to sputter a target comprised of the material to be deposited, physically ejecting atoms via
momentum transfer. Argon is typically used as process gas for the ion source, since it is
a heavy inert gas that would cause little contamination to the deposited film. High atomic
mass of argon allows for large momenta and therefore sputtering efficiencies [50]. IBS
deposition is typically performed in vacuum to decrease contamination, as well as limit the
interaction between the ion beam, sputtered particles and the system atmosphere. Since
ion beam consisting of purely the positively-charged ions would exhibit high divergence
and charge buildup on target material surface, many IBS systems include a neutralizer,
based either on a thermionic emission electron source or a plasma bridge - to make
the beam volumetrically neutral without recombination of beam ions and neutralization
electrons [51].

When compound materials are sputtered, the deposited film will typically not exhibit the
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same stoichiometry as the sputtering target due to preferential sputtering of less volatile
component and loss of the more volatile component in transport to substrate[50]. Con-
sequently, reactive sputtering is often used to deposit non-elemental materials. Reactive
sputtering introduces an additional precursor, i.e. in gas form, into the system, allowing
it to react with the film growing on the substrate and forming the desired material. Con-
trol of process parameters (i.e. gas flow) is paramount to ensuring the stoichiometry and
uniformness of the film.

In this work, Cutting Edge Coatings Gmbh (CEC) Navigator 700 IBS system as seen in
Figure 3.2(b) was used to grow TiO, and Al,Oj3 thin films. The system utilizes a high-
power ion source with a plasma bridge neutralizer to sputter Al(99.999%) and Ti(99.8%)
target plates with a reactive mixture of Ar and O, (flowrates of 8 sccm and 5 sccm respec-
tively). The RF power and accelerating voltage were 150 W and 2 kV for TiO, and 102 W
and 1.26 kV for Al,O3. In addition, sputtering was performed in a reactive O, atmosphere
(4.5x10~* mbar) while rotating the substrate at 60 rpm to ensure uniformity. Film growth
was controlled with broadband optical monitoring, and average growth rate was 0.085 nm
s~ for both materials.
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substrate holders thickness monitor ° [¢]
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Figure 3.2. (a) lon Beam Sputtering (IBS) process diagram (after [52]), (b) CEC Navigator
IBS system [52]

Advantages of IBS over related methods include high density and well-controlled stoi-
chiometry of the deposited films, as well as precise control of the film layer thickness
with online monitoring. In addition, deposition rate of IBS is high and is compatible with
high-volume industrial manufacture of optical thin films.

3.2.3 Atomic Layer Deposition

Chemical Vapour Deposition (CVD) is a family of atomistic deposition processes charac-
terized by formation of solid film on the substrate via chemical reaction of vapour-phase
precursors [53]. In different CVD methods the bespoke chemical reaction may happen in
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either the vapour phase or on the substrate. A critical role in CVD processes is played
by physics and chemistry of interaction between the vapour and solid phase, connecting
reaction and growth rates directly to surface science of adsorbtion, desorption, diffusion,
nucleation, etc.. CVD can be used to deposit thin films of a wide variety of materials
- from elements and IlI-V semiconductors to organics and superconducting oxides[53].
Chemical reactions in CVD can be promoted or initiated in many ways, and a short list of
CVD methods referencing those is presented in Table 3.2.

Table 3.2. Chemical Vapour Deposition methods and their major distinctions

Energy needed for reaction provided by heating
Thermal CVD - Hot wall CVD
- Cold wall CVD

Energy needed for the reaction provided by
introducing plasma into the chamber

- Remote PECVD

- Low-energy PECVD

Plasma-Enhanced CVD

Energy needed for the reaction provided by
Laser CVD

illuminating the substrate with a high-power laser beam

Metalorganic CVD CVD using organometallic precursor compounds

Reactants pulsed alternately, self-limiting the
reaction to a chemisorbed monolayer

- Thermal ALD

- Plasma-Enhanced ALD

Atomic Layer Deposition (ALD)

Atomic Layer Deposition is a specialised CVD method, the main distinction of which is
that the substrate is never exposed to both chemical precursors at the same time. Con-
versely, precursors are introduced into the reaction chamber in alternating pulses with
purge by inert gas in between, as illustrated in Figure 3.3(a). Since only a single com-
plete monolayer of precursor molecules is able to adsorb (chemisorb) onto the surface at
a time, ALD film growth is self-limiting and proceeds monolayer-by-monolayer regardless
of how much precursor the substrate is exposed to beyond the dose sufficient for satu-
ration. This allows for incredibly precise control of properties of the deposited material
as well as film thickness. The conditions described above are typically achieved by op-
erating ALD reactors in vacuum, with exception of some specialised ALD processes e.g.
spatial atmospheric ALD. Substrate temperature is one of the factors that have the most
impact on kinetics of the deposition as well as properties of the deposited film - too low
of a temperature may result in either temperature too low for activation of precursor reac-
tions or condensation of the precursor(s), while a temperature too high can result in either
decomposition of the precursor or desorption of the precursor before it can form the de-
sired product [53]. While plasma-enhanced ALD methods have some benefits e.g. faster



31

growth rate and lower substrate temperatures required, this work focuses on thermal ALD
which has much lower process and reactor complexity as well as scalability to batch pro-
cessing of many samples at once. Largest ALD equipment available commercially at the
time of writing can coat objects up to 1.3 x 2.4 m in size [54].
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Figure 3.3. (a) ALD deposition cycle, (b) Picosun Sunale ALD R200 Advanced reactor

In this work, a Picosun Sunale ALD R200 Advanced reactor was used for depositing TiO-
and Al,Og thin films. Tetrakis(dimethylamido) titanium(lV) (Ti(N(CHz)2)4, TDMAT) (elec-
tronic grade >99.999%, Sigma-Aldrich, Inc.) and Trimethylaluminum ((CH3)sAl), TMA)
(electronic grade >99.9%, Volatec Oy, Finland) were used as Ti and Al precursors, re-
spectively. Ultrapure Milli-Q® water was used as the O precursor, and Ar (99.9999%, Oy
AGA Ab, Finland) as carrier/purge/venting gas. Substrate temperature was kept at 100°
C. Film growth rate was calibrated with ellipsometry (see 3.4.1) to be 0.0625 nm -cycle ™!
for TiO, and 0.0699 nm-cycle™! for Al,O3. Film thickness uniformity across the entire 6"
substrate was verified to be better than 4% for TiOy and £7% for Al,Os.

The main benefits of ALD over other thin film deposition methods are the precise control
over film properties - composition and thickness, as well as conformality. Since ALD (pro-
vided suitable process parameters) results in self-limiting deposition in places exposed to
the precursors, it can be used to conformally coat complex 3D, high aspect ratio, porous
and powder substrates. This enables application of camouflage thin film multilayer coat-
ings on 3D objects that cannot be coated using conventional methods (e.g. by IBS or
thermal evaporation).
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3.3 Substrate materials and substrate modification

Since camouflage is applied to a wide variety of materials, this work explored deposi-
tion on a number of optical and non-optical substrates. The substrate materials used
in depositions in this work have been quartz glass (1 mm thick, UV-quality, T>80% at
185 nm, Prazisions Glas & Optik GmbH, also known as Fused Silica glass), silicon
(n++ Si(100)(As) single-side polished, Siegert Wafer), DC06 (EN 1.0873) alloy steel (Fe
bal., max 0.3% Ti, 0.25% Mn, 0.02% C; SSAB Ab), 10 mm fused silica (quartz) right-
angle glass prisms (uncoated, Edmund Optics, Singapore) and finally Pyrex glass Fres-
nel lenses (80 mm diam., EFL 40 mm, Adept Optical, UK). Additionally aluminium was
explored in simulations. DCO06 steel was degreased with acetone, and all substrates were
rinsed with isopropyl alcohol and blown dry with compressed nitrogen prior to deposition.

Additionally, a number of methods of surface modification were used to increase the va-
riety of explored substrates, as well as investigate how surface modification influences
optical response and gloss. The following subsections describe the used methods in
detail.

3.3.1 Mechanical roughening

As discussed in 2.2, one of the most desirable characteristics of a camouflage coating
in VIS-NIR range is low gloss, so that the camouflage material appears similar from all
angles. Per 2.1.9 one of the most straightforward ways of reducing gloss is introducing
surface roughness, and in turn the most straightforward and economical way of rough-
ening a surface is mechanical - sanding. Grit of the sandpaper used would then directly
influence the roughness of the surface. Here it is important to note that sandpaper grit is
rated according to number of particles per unit area - a higher grit rating means smaller
particle size and smaller resulting roughness of the substrate.

Quartz glass substrates were sanded for 10 minutes with Mirka Ecowet SiC sandpaper of
different grits. Milli-Q® water was used for sanding and rinsing. Photo of the substrates is
presented in Figure 3.4 in order of increasing roughness. It is fairly obvious to a discerning
eye that sanded glass scatters light more, resulting in "frosted" appearance, and amount
of scattering increases with roughness.

3.3.2 Chemical etching

In addition to simple sanding, chemical etching was used to modify quartz glass sub-
strates. Since quartz (SiO,) is resistant to common etchants, 2.5% hydrofluoric acid (HF)
was used. Substrates were immersed in the acid for 1 h, then rinsed multiple times with
Milli-Q® water. Low-concentration unbuffered HF is an isotropic etchant[55], and was
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| Sanded 800 grit

' Sanded 400 grit

Figure 3.4. Quartz glass substrates, sanded with SiC sandpaper of different grits

found to show little effect on roughness and optical properties when used to etch an oth-
erwise untreated quartz glass substrate, which is supported by literature [56, 57]. There-
fore plain HF-etched quartz glass is not considered here further. However, as compared
in Figure 3.5, it has had quite a drastic impact on the optical properties of the deposited
multilayer when used to etch mechanically roughened quartz glass samples. Etching
highly increases scattering by way of modification of surface morphology[58], rounding
sharp edges resulting from mechanical roughening of the surface.

Untreated
Sanded 400 grit

Sanded 400 grit, HF-etched

Figure 3.5. Quartz glass substrates, untreated/sanded/sanded and etched with HF, with
a multilayer thin film coating

3.4 Substrate and thin film characterization

Naturally, before considering the optical properties of the complete camouflage materials
and their performance the relevant properties of deposited films must be evaluated. In
this section we begin by examining the measurements of the complex refractive index of
the dielectric films, since it is key to simulation and design of the thin film multilayers, and
then consider characterization of the surface roughness and layer structure of multilayer
films.
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3.4.1 Ellipsometry

Ellipsometry provides a way to determine the properties of a thin film, specifically the
complex refractive index and thickness, through optical measurements. While in Section
2.1 we have mainly considered the effect of reflection and transmission off an interface
on the amplitude of the electromagnetic wave (light), the analysis can be extended to also
determine the change in phase of the reflected and transmitted waves [12, 28]. If we do
s0, we would find that, similar to the amplitude reflectance coefficients, the components
of the incident wave with polarization in the plane of incidence (s-polarized) and normal
to the plane of incidence (p-polarized) will be affected differently, creating a phase shift
between the two components. As a result, if we shine a light with a known polarization
state that is not purely s or p onto a thin film, we can derive properties of the thin film
from measurements of the reflected light - specifically the amplitude ratio between s and
p-components ¥ and their phase difference A. Important to note here is that when there
is no phase difference between s- and p-polarized components the polarization of the
complete wave is linear, and otherwise elliptical. In this work, two different ellipsometers
with slightly different operation principles were used so the distinction between the two is
considered next.

In a null ellipsometer (Figure 3.6(a)), an elliptically polarized wave produced by a polarizer
that creates a linearly polarized wave and a compensator which introduces a phase shift
between s- and p-components. By varying the angle of the polarizer and compensator,
an elliptical state can be found which upon reflection would be converted into a linearly
polarized one. Then there would be an angle of the analyzer (second polarizer) normal
to the linearly polarized reflected wave for which the intensity of light detected by the
detector would be zero - a null. When a null is found, ellipsometric parameters ¥ and A
can be directly calculated from the angles of polarizer, compensator and analyser [59].

In an RAE ellipsometer (Figure 3.6(b)) linearly polarized light beam is shined onto a sam-
ple, and a reflected elliptical wave is passed through a rotating analyser (second polar-
izer) which allows for polarization state of the reflected light (and therefore ¥ and A) to
be determined.

Additionally, ellipsometers are subdivided into monochromatic - measuring at one light
wavelength, often using laser light sources, and spectroscopic - measuring at many light
wavelengths, using broadband sources with tunable monochromators or detectors with
dispersive elements.

Based on the values of ¥ and A properties of the thin film can be derived. Unfortu-
nately, due to the complexity of the equations involving interference of multiple reflecting
beams and interaction of their phases, as well as possible incoherent reflection from the
substrate, simple inversion of the optical equations is not feasible in practice and fitting
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Figure 3.6. Principle of operation of (a) null and (b) RAE ellipsometer configurations[59],
(a) Rudolph Il AutoEL ellipsometer, (b) VASE ellipsometer

of models must be used. For an accurate fit, a model specific to the material (i.e. Sell-
meier for Al;O3 and Tauc-Lorentz for TiO, [60]) is often desired, since material-specific
models can explicitly take Kramers-Kronig relations connecting n and £ [59] into account.
However, when additional absorption features unaccounted for by the used model are
present, a direct fit of n and k to the data may provide more accurate results. For such
cases it is important to ensure the results of the fit are "physically plausible", i.e. k is
positive across the whole wavelength range, and n generally increasing towards lower
wavelength in regions with low k[59].

In this work, two ellipsometric systems were used. Rudolph Ill AutoEL monochromatic
null ellipsometer (Figure 3.6 (a)) at Tampere University was used for calibration of depo-
sition rates and verification of uniformity. Rudolph Il AutoEL light source is a red laser at
632.8 nm, set up for 70° angle of incidence, and the system uses built-in direct fit models.
To begin with, the system is calibrated with a first-surface silver mirror and compensator
in calibration position. After that, sample can be introduced and measured, inputting op-
tical constants of the substrate and initial estimates on the refractive index and thickness
of the film. For aligning the samples so that reflected beam is directed at the detector a
built-in autocollimator is used. The second ellipsometer used in this work was the VASE
variable angle RAE spectroscopic ellipsometer at University of Eastern Finland. VASE
ellipsometer operates in 270 - 2070 nm range, using a tunable monochromated source.
Using accompanying WVASE software, a variety of models for fitting are accessible. With
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VASE ellipsometer, 100, 200 and 300 nm thin films of each material were deposited on
Si substrates and analysed as a set to reach higher accuracy in determination of optical
properties.

3.42 SEM

For characterisation and visualisation of the multilayer thin films produced in the course
of this work a method providing information about the cross-sectional structure was de-
sired. Since some layers of the structure are very thin, a combination of high spatial
resolution with material contrast is required. As a result, cross-sectional scanning elec-
tron microscopy was selected as the method of choice. Scanning Electron Microscope
(SEM) instruments scan a focused beam of electrons across a sample, and detect the
secondary/backscattered electrons using detectors varying depending on the instrument.
SEM instruments operate in vacuum, to prevent interaction between the electron beam
and air molecules.

The SEM used in this work is Zeiss Ultra55 FE-SEM, shown in Figure 3.7. Zeiss Ultra55
uses a field-emission electron source, where an ultrasharp metal tip is exposed to very
high electric field, causing it to emit electrons via quantum tunneling. The electron beam
produced in such a way is optically bright, emanates from a spatially small source and has
a narrow energy distribution, allowing for high-resolution imaging with low acceleration
voltages and reduced aberration[61].

Figure 3.7. Zeiss Ultra55 FE-SEM

For the SEM images in this work, the Si wafer substrates with deposited multilayer films
were cleaved, exposing the cross-sectional structure at the edge and attached to the
holder for such samples. The sample was oriented using the system camera, and then
the electron beam at low magnification. The 30 um beam aperture and 1 kV acceler-
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ation voltage were used at 2.1 mm working distance, and during alignment the In-lens
secondary electron detector was used. Increase in magnification was alternated with
aperture and astigmatism alignment until reaching the desired magnification level. Then
the in-column Energy-selective Backscatter (BsE) detector was used to provide elemental
contrast, with grid set at 247 V to filter off low-energy secondary electrons. BsE detector
detects backscattered electrons, and the backscatter probability exhibits dependence on
the electron density of the sample which for pure element samples is linked to atomic
number[62]. Therefore, the Si substrate, Al,O3 and TiO, will exhibit different brightness
in the image.

3.4.3 Profilometry

Since some of the practical focus in this work is on surface roughness, a way of quantifying
it was desired to provide a more complete picture. Details of surface topology were not of
key importance for this investigation and roughness caused by roughening was expected
to be fairly significant, so a surface roughness measurement with a stylus profilometer
following EN I1SO 4287 specifications was deemed sufficient. A stylus profilometer is
a device which uses a contact stylus to measure a linear height profile from a given
sample, with basic principle of operation illustrated in Figure 3.8(a). A sample is secured
to a sample table, which can be oriented in two axes and tilted so the top surface is
generally aligned with the horizontal translation axis. A diamond stylus with a spherical
tip is suspended off the pivot point, with the other side of the stylus arm attached to a
linear variable differential transformer - an induction-based sensor which can measure
the tip displacement while it transfers across the sample with set force applied to the

stylus.
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Figure 3.8. (a) Principle of operation of a stylus profilometer[63], (b) Bruker Dektak XT
profilometer

In this work, a Bruker Dektak XT stylus profilometer (3.8(b)) was used to measure surface
roughness. The tip radius was 2 um, and the stylus force was set to 5 mg. Stylus traverse
length was set according to ISO 4287[63]. Accompanying Vision64 software provides
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tools to evaluate surface roughness. ISO 4287 uses a band-pass filter to separate surface
roughness from long-distance profile variation (waviness) as well as noise-prone variation
smaller than the size of the tip. The evaluation length is divided into 5 parts, and an
average of arithmetical mean roughness in each of the parts is taken to produce the final
Ra surface roughness value[63] representative of the scale of surface texture.

3.5 Camouflage material characterization

Finally, the point is reached in the investigation where the performance of the complete
camouflage materials can be evaluated. The evaluation is two-fold: optical properties
are first measured with spectrophotometry, and then hyperspectral images are taken in
laboratory conditions to investigate the practical implications of said properties in imaging.
As this section will further discuss, the evaluation includes both of the key areas of interest
as identified in Chapter 2 - replication of spectral features of natural materials, as well as
low gloss.

3.5.1 Spectrophotometry

Spectrophotometry is an experimental method that allows for measurements of transmit-
tance, reflectance and absorbance spectra. Spectrophotometric measurements are used
across many fields - physics, chemistry, biology - for characterisation of optical proper-
ties of solid and liquid-state materials, for indirectly measuring concentrations, for getting
insight into electronic structure of semiconductors, etc. Since in this work reflectance
spectra play a key role, this subsection will contain a reasonably detailed description
of the internal workings of a spectrophotometer. Specifically in this work, a dual-beam
UV/VIS/NIR spectrophotometer - Perkin-Elmer Lambda 1050 (Figure 3.9) is used with
multiple measurement modules.

Figure 3.9. Perkin-Elmer Lambda 1050 spectrophotometer with the URA module in-
stalled

The internal diagram of a Lambda 1050 spectrophotometer and the two modules is pre-
sented in Figure 3.10. The instrument uses two broadband sources - a deuterium lamp
and a tungsten lamp - to produce a continuous light spectrum across the whole 175—
3300 nm operating range, however in this work only the tungsten lamp was used since



39

measurements in UV range were not required. After lamp change mirror, the light beam is
directed on a two-grating monochromator. One of the gratings is optimized for the UV-VIS
range, and the second for (VIS)-NIR, switching at 860 nm to improve the spectral resolu-
tion and stray light rejection[64]. The light is diffracted off the grating and shines onto the
monochromator slit, which defines the spectral resolution and horizontal size of the beam
- in this work 2 nm between 400 and 860.2 nm and 4 nm between 860.2 and 1800 nm.
After that, the Common Beam Mask (CBM) can be used to decrease the vertical size
of the beam, however that also decreases light output. The beam is then shined onto a
depolarizer, which compensates for polarization possibly imparted by the system optical
components. After the depolarizer the prepared beam passes through a rotating chopper
with absorbing, reflective and transparent sections. The reflective and transparent sec-
tion splits the optical path into a reference and sample beams, which are then passed into
a detector module where the actual measurement takes place. The advantage of such
a scheme over a simple single-beam instrument is stability. The detector is constantly
measuring three states: no beam (absorbing section), full light intensity (reference beam)
and intensity reflected off (or transmitted through) the sample, allowing the variation in
e.g., intensity of the light source and detector dark current due to temperature fluctua-
tion during the measurement to be compensated for[65]. When measuring spectra in this
work, measurement range of either 400—750 nm (VIS) with 2 nm measurement interval
or 400—1800 nm (VIS+NIR) with 5 nm interval was used, with dwell time of 1 s.

This work uses two detector modules for Lambda 1050 - 150 mm Integrating Sphere (1S)
and Universal Reflectance Accessory (URA). URA uses only the sample beam of the
instrument to measure specular absolute reflectance at different incidence angles. URA
ultilises a so-called VN optical scheme to measure the beam itself without reflecting it
from the sample (reference value) and with a mirror rotation measures the beam after a
single reflection off the sample [67]. The advantage of such a scheme is that no cali-
bration standard is required, and a wide range of reflection angles (8—65°) is accessible.
URA uses a Si detector in 400-889.8 nm range and a PbS detector in 889.8—1800 nm
range. Instead of directly setting CBM and monochromator slit, URA allows the user to
instead set the desired dimensions of the beam at the sample - in this work 5x5 mm for
all samples.

IS uses a 150 mm diameter sphere made of Spectralon (diffuse reflectance >95% in
400-2500 nm range) with small beam ports which can collect light reflected off a sample
both diffusively and specularly and direct it to the detectors mounted at the bottom of the
sphere. The light is shined at the sample at 8° incidence angle, and in total reflectance
mode all the light reflected off the sample is collected. For measuring diffuse reflectance,
a plug is removed from the specular port, allowing specularly reflected light to escape
and be absorbed. Therefore only diffusely reflected light makes it to the detector. IS uses
both beams of the instrument, taking advantage of the improved stability, but must be
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Figure 3.10. Internal diagram of a Lambda 1050 spectrophotometer, URA and 150mm
Integrating Sphere measurement modules (simplified for clarity) after [64, 66, 67]

calibrated prior to measurement replacing the sample with a Spectralon plate. IS uses a
photomultiplier tube detector in 400-860.8 nm range and an InGaAs detector in 860.8—
1800 nm range. With IS this work used 100% CBM for all samples except DCO06 steel
substrates where 10% CBM was used.

3.5.2 Hyperspectral imaging

Our examination of camouflage, and part of the goals pursued by this work are framed
in context of hyperspectral imaging, so it would have been incomplete without includ-
ing examples of hyperspectral imaging applied to the examined materials. In this work
a Specim 1Q portable hyperspectral camera with 400-1000 nm wavelength range (Si
CMOS) is used. Specim IQ employs "push-broom" architecture internally, illustrated in
Figure 3.11(a). The light from the subject is collected with glass optics, and projected
onto a horizontal slit that can move vertically to line-scan across the image. The light from
a single line of the image is then vertically dispersed, so the "image" on the sensor con-
tains spatial and spectral information from a single line. As the slit is used to scan across
the image plane, and sensor information is collected at every slit position, a so-called
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hyperspectral stack is formed. Specim 1Q is specified for spatial resolution of 512x512 px
and 204 spectral bins, with spectral resolution of 7 nm[8]. Above the hyperspectral optics
situates a RGB viewfinder camera.

Figure 3.11. (a) Linescan ("push-broom") hyperspectral imaging principle (after [8]), (b)
hyperspectral imaging setup in use in this work

In order to take hyperspectral images indoors, the experimental setup requires appro-
priate lighting and a white reference (Figure 3.11(b)). Since regular indoor lighting is
optimised to provide light in human visual range, EFFI-Flex-HSI 400-910-970 LED lights
showing a continuous spectrum in 400-1000 nm wavelength range are used. In order to
derive reflectance (partial BRDF) spectra from measured data without having to consider
the spectra of the lights, atmospheric transfer and camera transfer functions, a Spectralon
white reference panel with uniform reflectance is used to normalise the measured specitra.
An integration time of 150 ms at every slit position was found to yield correct exposure for
this setup and samples - maximising use of sensor dynamic range without overexposure.
We note that hyperspectral imaging necessitates high amplification of the signal from the
imaging sensor (ISO) due to amount of light reaching the sensor being strongly limited by
the narrow slit width as well as dispersion of the light across the entire sensor, which simi-
larly to RGB cameras results in reduction of achievable dynamic range[68]. It was quickly
identified that if the lighting of the scene was set up in a way where light was specularly
reflected from the substrates to the hyperspectral camera, the high gloss of the untreated
glass substrates combined with limited dynamic range made it practically impossible to
achieve correct exposure for the entire scene. The lighting is, then, set up in a way that
the light reaching the camera is primarily diffusely reflected from the substrates.

After taking images, Specim 1Q analysis software (Figure 3.12) was used in analysis.
The software provides a dataset viewer which can extract reflectance spectra from points
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Figure 3.12. Specim IQ hyperspectral image analysis software, extended dataset viewer

in an image, and create false-colour images by manually selecting hyperspectral bins
to replace red, green and blue channels of the image. Software offers a "SAM mask"
feature to highlight areas the reflectance spectra of which fit within a specified similarity
window from a spectra of a selected image point, however since images always included
materials not optimized for the entire 400 - 1000 nm range the results were found not to
be representative of material performance.
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4. RESULTS AND ANALYSIS

This chapter is dedicated to discussion of results obtained in pursuit of goals outlined in
Chapter 2 according to methodology discussed in Chapter 3. To begin with, we show in
practice the difference between specular and diffuse reflection which we have discussed
at length at this point. Figure 4.1 demonstrates thin film multilayers on untreated (smooth)
and sanded (rough) glass substrates in different lighting conditions.

Figure 4.1. Light reflection from a multilayer thin film as observed at (a) a specular re-
flection angle and (b) a non-specular reflection angle (in each - left: untreated and right:
sanded quartz glass substrate, target: Mdnnyn kaarna 54AR 400-750 nm)

Referring back to Figure 2.6, when the camera is aligned with the specularly reflecting
beam we observe the coloured reflection from the multilayer (4.1(a)), nearly identical for
the two substrates. However, when the light source is moved so the specular beam is
not aligned with the camera(4.1(b)), we observe light reflected diffusely - which is negli-
gible for the untreated substrate and clearly visible for the rough one. It is important to
mention here that in the following figures the inset images of the samples were taken with
camera aligned with the specular beam, unless stated otherwise. The effects of surface
roughness on reflectance spectra as well as gloss are discussed at length in Section 3.5.

4.1 Ellipsometry

Prior to being able to accurately model the thin film multilayers, characterization of the
optical properties of the dielectrics utilised therein via ellipsometry must be undertaken.
Figure 4.2 presents the complex refractive indices of TiOy and Al,O3 deposited with ALD
and IBS.
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Figure 4.2. Refractive indices of AbO3; and TiO, thin films manufactured with IBS and
ALD: (a) real part (inset: image of 100 nm films of corresponding ALD materials / Si
substrate), (b) imaginary part. Lines: VASE spectroscopic ellipsometer, circles: Rudolph
Auto EL Il ellipsometer

On a brief examination of the results, the refractive index values for TiO, and Al,O3 are
consistent with literature values[69, 70, 71, 72]. For all materials involved, refractive
index increases at shorter wavelengths following normal dispersion, and TiO, extinction
coefficient rises sharply at short wavelengths due to photon energy becoming sufficient
to overcome the optical bandgap. For TiO, films deposited by IBS and ALD, the real
parts (n) of the calculated refractive indices barely differ. ALD TiO, films exhibit non-
zero extinction coefficient (k) in the 400-2000 nm range (inset), corresponding to light
absorption due to presence of Ti** defect states in the film [73, 74, 75]. On the other
hand, the refractive indices of Al,O3 manufactured by IBS and ALD differ significantly,
which is thought to result from lower density of ALD-grown Al,O3 films following from
incomplete optimization of process parameters. Results from Rudolph Auto EL Il support
the results of spectroscopic ellipsometry.

4.2 Modelling and design

This analysis begins by considering the results of modelling, as described in 3.1. The
very first modelling goal was a "simple" thin coating for the more narrow VIS wavelength
range and quartz glass substrate, and the results are presented in Figure 4.3.

From the figure it is clear that a very good fit to the target spectrum is achievable even
with a relatively thin (1.7 um) and simple (24 layers) multilayer. The coating layers closest
to substrate have clear relation to the initial alternating quarter-wave layers, but the layers
closer to the surface that light interacts with first exhibit more complexity. Small oscillation
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Figure 4.3. IBS TiO,/AkOs/ quartz glass thin film multilayer reflectance model, Target:
Vihred kanerva 400—750 nm, Total thickness: 1741 nm, 22 layers, Incidence angle: 0°.
Insets: structure, images of green heather.

is visible in the shorter wavelengths, where the refractive index of TiO, starts to increase
sharply, but its scale is too small to be practically resolvable in imaging. Due to the sharp
reflectance increase around the red edge (675-750 nm) the tolerance for wavelength
error is smaller there, and the model comes close to the acceptable tolerance limits -
however the consequence of that is that the wavelength position of the red edge is close
enough in the model and target to be smaller even than theoretical wavelength resolution
of hyperspectral systems like Specim 1Q. As a whole, the model fits very well to the
target spectrum and successfully emulates the desired spectral features. It is important
to note here that the above model, unlike all of the ones described below, does not include
substrate backside reflection. The effect of that on the reflectance of resulting material is
discussed below.

In the theoretical treatment of thin film interference in this work it was noted that the re-
flectance varies, among other things, depending on the incidence angle of the incoming
light. It is key, then, to here evaluate the impact on reflectance spectra of the camou-
flage materials developed in this work. For that purpose, a simple coating model had
reflectance evaluated at different angles with results presented in Figure 4.4.

While the reflectance spectra for 0° and 15° are essentially identical and follow the target
closely, at 30° the reflectance spectra are already outside of the allowable +-5% bounds.
The shape of the spectrum, however, stays similar to the target up to and including 45°,
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Figure 4.4. ALD TiO,/AkOs/ quartz glass thin film multilayer reflectance model at dif-
ferent incidence angles, Target: Médnnyn kaarna 400-750 nm, Total thickness: 864 nm,
19 layers. Insets: images of pine bark, as well as deposited multilayers at different angles

simply shifting up in reflectance. Beyond 45° incidence, the shape of the spectrum un-
dertakes significant changes and increases in magnitude, bearing little resemblance to
the target at 75°. While generally the increase in reflectance at high incidence angles is
the inevitable consequence of Eq. 2.34, it is possible to practically mitigate the increase
by moving away from flat substrates as we will discuss further in this thesis. Key results to
make note of here are that reflectance variation at small angles to normal (15° and less)
are near-insignificant, and the shape of the spectrum and therefore reproduced spectral
features are preserved up to a fairly significant deviation from normal incidence.

So far only models using the quartz glass substrate have been covered, and the next step
expands that treatment to the full range of substrates covered in this work. Figure 4.5
shows the results of modelling for quartz glass, Si, steel and aluminium substrates, with
total thickness limited to a maximum of 1 um to ensure the results are suitable for direct
comparison.

There is a clear difference in optical characteristics between multilayers on different sub-
strates. Quartz glass and Si have refractive indices which do not vary greatly (Appendix
A), and have low extinction coefficients in the wavelength range in question. As a result,
within 1 um thickness a good fit to the target spectrum can be achieved, well within the
45% bounds. Since the two have very different indices, however, the multilayer structures
differ greatly so results for one of the substrates cannot be used to speed up optimisa-
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Figure 4.5. ALD TiO,/Ak Qs thin film multilayer models for different substrates, (a) re-
flectance and (b) structure. Target: Mdnnyn kaarna 400—750 nm, Total thickness: 820—
915 nm, 17-22 layers, Incidence angle: 0°.

tion of a structure suitable for the other. On the other hand, steel (Fe-based alloy) and
aluminium have high extinction coefficients and in addition Al belongs to so-called "white
metals" - highly reflective and with a strongly varying refractive index (Appendix A). Best
reflectance spectra results for the models on metal substrates, therefore, exhibit high os-
cillations and do not fit within the tolerance bounds. Based on these results it can be
concluded that metallic substrates require higher total film thicknesses or additional sub-
strate modifications, both of which are discussed further below.

Next, the analysis is further extended to cover another one of the goals of the work -
multilayer optimization for the three different wavelength ranges - VIS (400—-750 nm), NIR
(750-1800 nm) and the combination of the two - VIS+NIR. The choice of the wavelength
range is important for the use of these materials in practical applications, so we focus on
the implications of the choice of wavelength range in terms of thickness, complexity and
optical response of the multilayers. Reflectance spectra and structures of three multilayer
models optimised for different wavelength ranges are presented in Figure 4.6. One com-
mon feature of interference-based materials that is immediately apparent from the figure
is that the reflectance immediately outside of the optimized range often oscillates strongly
between very low and high reflection.

While optimization always targets the goodness of fit to the spectra, selection of a prac-
tically best solution usually targets an additional set of criteria including e.g. lower man-
ufacturing time and cost (i.e. thickness) as well as smaller complexity (i.e. number of
layers). Inclusion of longer wavelengths in the total range requires a larger total thickness
of the multilayer, since modulating the optical response at longer wavelengths require
correspondingly thicker features. On the other hand, the shorter the short wavelength
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Figure 4.6. ALD TiO,/AkLOs/ quartz glass thin film multilayer models for different wave-
length ranges - VIS (blue), NIR (red) and VIS+NIR (yellow, dashed), (a) reflectance and
(b) structure. Target: Vihred kanerva, Incidence angle: 0°.

limit of the range, the more complex the coating becomes since additional thin layers
are required to efficiently modulate the optical response at shorter wavelength. While
goodness of fit of the three models in Figure 4.6 to the target spectrum is similar in their
respective ranges, NIR and VIS+NIR multilayers have higher total thicknesses, while VIS
and VIS+NIR have a higher number of layers relative to their thickness than the NIR multi-
layer. Overall, Figure 4.6 demonstrates that excellent emulation of target material spectra
in a large wavelength range can be obtained with appropriate multilayer structures, keep-
ing in mind certain practical complications the choice of wide wavelength range can result
in.

To round out our modelling analysis, let us consider the multilayer total thickness and
number of layers required for substrates other than just quartz glass of Figure 4.6 for
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different wavelength ranges and targets - presented in Table 4.1.

Table 4.1. TiO,/AlL O3 multilayer film thickness and (numbers of layers) requirements
for select wavelength range and substrate combinations (IBS TiO, and Ak O;s refractive
indices, fit requirement: within +=5% from target spectrum)

Thickness L ) L L
Vihred kanerva | Mannyn kaarna | Vihrea kanerva | Vihred kanerva

(number of layers)

, _ VIS range VIS range NIR range VIS+NIR range
for desired fit
Quartz glass 1350 nm (24) 840 nm (17) 3360 nm (34) 3400 nm (61)
Silicon 1040 nm (16) 445 nm (10) >10000 nm
Steel >10000 nm
Aluminium >10000 nm

Referring back to Figure 2.13 with the spectra of the two target materials investigated
in this work, in the VIS range the spectrum of green heather (Vihrea kanerva) is more
complex in terms of features than the spectrum of pine bark (Mannyn kaarna). That is
reflected in both smaller total thickness and number of layers for Mannyn kaarna com-
pared to Vihred kanerva-targeting multilayer stacks on quartz glass and silicon. At the
same time, the thicknesses and numbers of layers are smaller for Si substrate. A possi-
ble reason for that is that Si has a non-zero extinction coefficient in the VIS range, so light
transmitted through the coating is largely absorbed in the material, reducing complexity
without having to optimise the structure for modulating the forward reflectance as well as
backwards transmission of the backside-reflected beam. At the same time, the extinction
coefficient of Si becomes smaller with increasing wavelength in VIS+NIR range, making
the backside reflection significant once again. Consequently, the desired fit could not be
achieved for Si for NIR and VIS+NIR ranges up until practical thickness limit of 10 um,
with generally good goodness of fit above 3 um thickness but out of the tolerance range
on transition out of the water absorption band at 1460 nm.

For steel and aluminium substrates the desired goodness of fit could not be achieved in
modelling within the practical thickness limit. The reason to that is the combination of high
extinction coefficient and large variation in refractive index of the metals in the considered
wavelength ranges, as discussed previously with Figure 4.5. It must be noted, however,
that for steel substrate optimised structures were found with spectral response within
slightly increased tolerance - 7% from target spectra in the VIS range. In the course of
this work, one multilayer stack was deposited on steel (Figure 4.11), so the discussion of
limitations of this approach to hyperspectral camouflage on metal substrates as well as
methods of overcoming said limitations are discussed further there.

To conclude this section, modelling of thin film multilayer stacks has resulted in designs
for hyperspectral camouflage materials for desired wide wavelength ranges on a subset of



50

the substrate materials. Structural implications of the choice of substrate and wavelength
range were explored, along with notes on angle dependence to guide further analysis.
Overall modelling results have been positive, and conducive to later success in production
of such multilayer stacks.

4.3 Cross-sectional SEM

Cross-sectional SEM provides an opportunity to examine and visualise the structure of
the multilayers deposited in this work. A Si substrate included in IBS deposition of a
structure designed for quartz glass has been characterised in such a way, with results
presented in Figure 4.7.
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Figure 4.7. IBS TiO,/AlL Qs thin film multilayer / Si (a) cross-sectional SEM image with
model structure overlaid, (b) vertically averaged image grey value and model structure.

Cross-sectional SEM image in Figure 4.7(a) clearly shows the multilayer structure, with
layers as thin as 10 nm clearly identifiable and directly corresponding to the structure
overlay. While the layer thickness can be verified visually, a more precise result can
be obtained by extracting the pixel brightness values (grey value) and averaging them
vertically along the layer boundaries. The result is shown in Figure 4.7(b). While the
spatial resolution of the data appears to be insufficient to allow for accurate determination
of thicknesses of the thinner layers of the structure, it can nonetheless be used to verify
that all of the layers of the structure are present with the correct order of materials. It
must be noted that in the figure there is a falloff in grey value towards the left edge of
the image. Since the image in the figure is a crop-in from the edge of the SEM viewing
area, it is considered likely that the observed falloff stems from the vignetting inherently
present in the electron optics. Despite the falloff, the material contrast is still present and
film boundaries can be observed as sharp changes in the grey value.
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4.4 Spectrophotometry

Spectrophotometric measurements, being the primary method of evaluating camouflage
material performance, take an important place in this work. Spectrophotometrically mea-
sured reflectance of one of the first multilayers deposited during the course of this work
is presented in Figure 4.8 alongside with the values calculated from the corresponding
OpenfFilters model.
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Figure 4.8. Reflectance of IBS TiO,/Al O3 multilayer / quartz glass, Target: Vihred kan-
erva 400-750 nm, Total thickness: 1741 nm, 22 layers, Incidence angle: 8°. Inset: image
of green heather side by side with measured sample.

As discussed in Sections 3.1 and 4.2, taking into account the reflectance from the back-
side of the substrate is important for multilayers deposited on transparent or semitrans-
parent substrates, of which the spectra presented in the figure are a fitting example of.
The initial model without backside reflection (blue), according to which the coating was
deposited, differs significantly from both the measured spectrum (red) and the later model
of the same multilayer structure where backside reflection was included (yellow).

When analysing the measured reflectance spectrum in comparison with the model (with
backside reflection), it can be observed that generally the measured spectrum is in good
correspondence with the model. The desired spectral features, i.e. wide peak around
560 nm, and especially the "red edge" at approx. 725 nm are reproduced well, although
there are a number of areas where the measured spectrum lies outside of the allowable
tolerance from the target - most notably around the local maximum at 560 nm. Since
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systematic error in thicknesses of the layers would have the effect of shifting the en-
tire spectral response in wavelength which is not observed here, the discrepancy would
rather be attributed to either random error in layer thicknesses (likely to be more signifi-
cant with thinner layers) or inaccuracy of the model. Establishing the exact cause would
require additional precise measurement of deposited layer thicknesses (i.e., elemental
depth profiling by, e.g. glow discharge optical emission spectroscopy) and is outside of
the scope of this work.

Additionally, as presented in the inset of Figure 4.8, the colour of light specularly reflected
from the multilayer material has strong resemblance to the colour of green heather by its
side, as predicted by reflectance spectra.

4.4.1 Camouflage in NIR and VIS+NIR ranges

Proceeding forwards, we consider a multilayer designed for the second wavelength range
in focus of this work - NIR, with reflectance spectrum presented in Figure 4.9. While the
target is the same as for the previously discussed multilayer, since this material is no
longer optimised for the VIS wavelength range the visual appearance is distinct from the
natural material, as seen in the inset of Figure 4.9.
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Figure 4.9. Reflectance of IBS TiO,/Al, O3 multilayer / quartz glass, Target: Vihred kan-

erva 750-1800 nm, Total thickness: 3360 nm, 34 layers, Incidence angle: 8°. Inset:

image of measured sample.

The measured reflectance spectrum of this multilayer has very good correspondence to
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the model as well as the target spectrum, only lying outside of the desired tolerance in a
narrow area around 1200 nm. The spectral features of interest - relatively flat NIR plateau
in the 750—-1300 nm range, as well as water absorption-defined curvature of the target
spectrum in 1470-1800 nm range - are reproduced exceptionally well.

Finally, reflectance spectrum of the multilayer for combined VIS+NIR wavelength range is
presented in Figure 4.10. Very first thing that stands out is that the visual appearance of
the sample (inset) is once again in line with the target material, which is further elaborated
on by the spectra. The reflectance spectrum presents a clear tradeoff of wide wavelength
range to the precision of reproduction of the target spectrum, primarily due to the com-
plexity of the multilayer that is required. The spectral features - peak at approx. 550 nm
due to chlorophyll absorption, the "red edge", the NIR plateau and the water absorption-
defined features beyond 1475 nm are all reproduced in the measured spectra.
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Figure 4.10. Reflectance of IBS TiO,/AkbOs multilayer / quartz glass, Target: Vihred

kanerva 400—-1800 nm, Total thickness: 3400 nm, 61 layers, Incidence angle: 8. Inset:

image of measured sample.

However, the oscillations in the spectra are clearly stronger than for the two previous
multilayers, especially in the VIS part of the spectrum. In the NIR range, the shape of
the spectrum is as predicted by the model, albeit the measured oscillations are of larger
magnitude and extend beyond the tolerance range in a number of points. Overall the
reproduction of the target spectrum is acceptable, and demonstrates the technical po-
tential for applying such multilayer materials in real wide-range hyperspectral camouflage
context.
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4.4.2 Deposition on steel substrate

Next, complex multilayer deposited on steel with reflectance spectrum and corresponding
model is presented in Figure 4.11(a). Based on the results of modelling in Section 4.2,
and experimental results for a multilayer of similar complexity in Figure 4.10, close ad-
herence to the target spectrum was not expected and the presented results serve rather
the goal of examining the predictive power of the models used in this work as well as
shedding light on the practical challenges involved on the path to practical applications.
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Figure 4.11. (a) Reflectance of IBS TiOy/AkL O3 multilayer / DCO6 steel, Target: Vihred
kanerva 400-750 nm, Total thickness: 4065 nm, 68 layers, Incidence angle: 8. ,inset:
image of measured sample. (b) Model of IBS TiO,/Al O3 multilayer / DC06 steel with an
additional interlayer of Si (right).

The measured reflectance spectra from the multilayer deposited on DCO06 steel, while
having similar shape to the model, show strong deviations from it. Partially the reason
behind that is the surface quality (roughness), which is fairly high for untreated/unpolished
steel. Additionally, the model is based on refractive index values for pure Fe, which may
significantly differ from DCO06 alloy.

As discussed in the theoretical/modelling treatment and shown in the spectra, in the cur-
rent state multilayer interference materials on metal surfaces do not reach the level of
accuracy required to mimic the natural material spectra for camouflage applications. One
of the ways of approaching this challenge could be on system level - e.g. producing cam-
ouflage panels or nets of substrates that are more suitable for the purpose and attaching
them to the metal materials. Another is usage of additional materials as intermediate
layers - e.g. in Figure 4.11(b) the model for a IBS TiO4/Al,O3 multilayer (on Fe substrate)
was compared to a model of a similar multilayer deposited on top of a 5 um interlayer of
Si. As seen in the spectra, the model with an interlayer has achieved much better per-
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formance, within the tolerance across most of the VIS range. Optimally, an interlayer of
well-defined refractive index and high light absorption to isolate the dielectric multilayer
on top from the substrate would be required, potentially allowing for such dielectric mul-
tilayer materials to be used with a substrate of arbitrary refractive index while achieving
performance similar to that of multilayers on fused quartz described in this work.

4.4.3 Effect of surface texturing

In the next part, the effect of surface treatments on the reflectance spectra and gloss is
examined. First, simple roughening of the glass substrates with sandpaper is considered,
with total and diffuse reflectance spectra of a VIS-range multilayer on such substrates
presented in Figure 4.12.
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Figure 4.12. Reflectance of IBS TiO,/Alk O3 multilayer / quartz glass, untreated as well
as sanded with SiC sandpaper of different grits - total reflectance (solid lines), diffuse
reflectance (dotted lines). Target: Vihred kanerva 400-750 nm, Total thickness: 1360 nm,
24 layers, Incidence angle: 8. Inset: image of substrates.

For the untreated quartz glass substrate, diffuse reflectance does not constitute a signifi-
cant portion of the total reflectance spectrum, while for sanded substrates the situation is
reversed - majority of the light is reflected diffusely. Since low specular and high diffuse
reflectance (low gloss) is a very desirable feature in a camouflage material, the increase
in diffuse reflectance is a desirable property. However, as we have discussed in previous
chapters, the interface roughness also has a strong influence on the optical properties
of the multilayer, changing the reflectance spectrum. For example, the amplitude of the
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Table 4.2. Comparison of coating surface roughness, reflective gloss (specular fraction
of total reflectance) and goodness of fit to Vihred kanerva 400—750 nm spectrum for M05
camouflage (light green coloured section), as well as multilayer TiO,/Al O3 IBS coating
on untreated and sanded quartz glass substrates (as in Figure 4.12)

Surface Ra Mean reflective gloss | RMS error
roughness (nm) | (Specular/Total R) compared to target
Plain FQ 0.83 0.955 0.0735
FQ ground 1500 grit 63.3 0.430 0.0742
FQ ground 800 grit 152 0.277 0.0871
FQ ground 400 grit 176 0.185 0.0995
MO05 fabric, light green | — 0.003 0.108

reflectance peak at 575 nm as well as "red edge" above 700 nm with respect to the
background is decreased. In the figure, the general trend of increasing total and diffuse
reflectance with higher surface roughness (lower sandpaper grit) reveals itself. We quan-
tify the effect of the increase in surface roughness measured from the top of the multilayer
on the reflective gloss (ratio of the specular to total reflectance) as well as RMS error of
the spectrum with respect to the target in Table 4.2.

Examining the results, there are two clearly identifiable trends. As the surface roughness
increases, there is a significant proportional decrease in the gloss as the scattering of the
light by the substrate and film increases. However, at the same time there is an increase
in the RMS error compared to the target spectrum. That confirms the predictions we have
made in the theoretical treatment, and clear tradeoff of lower gloss for worse spectral
response is established.

Next, the examination is extended to consider the effect of modifying the surface rough-
ness and morphology with a combination of sanding and chemical etching. Figure 4.13
presents the reflectance spectra of a VIS+NIR multilayer on untreated, sanded and sanded
as well as HF-etched substrates. There is a clear and dramatic difference between the
three spectra, where HF etching exaggerates the effect of sanding via rounding the sharp
edges sanding creates - smoothing out the spectrum and increasing baseline reflectance
further. At the same time, etching lowers the gloss across the entire wavelength range,
with diffuse reflectance making up the majority of total reflectance.

While the combination of sanding and HF etching appears to be a particularly effective
way of decreasing the gloss of quartz glass, it also strongly disrupts the optical properties
of the multilayer. While it is conceivable that sanded quartz glass could be used with a
specifically designed multilayer to effectively mimic natural material spectra, the lowest
reflectance of the sanded and etched sample in the VIS range is so high that the same
is unlikely to be possible. However, the method of lowering the gloss of quartz glass
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Figure 4.13. Reflectance of IBS TiO,/AlL O3 multilayer / quartz glass, untreated, sanded
with SiC sandpaper, sanded and HF-treated - total reflectance (solid lines), diffuse re-
flectance (dotted lines). Target: Vihred kanerva 400—1800 nm, Total thickness: 3400 nm,
61 layers, Incidence angle: 8. Inset: image of measured samples.

developed in this work could be useful in applications not directly related to camouflage.

4.4.4 1BS and ALD deposited multilayers

Since this work considers two drastically different methods for deposition of thin film mul-
tilayers, the final part of spectrophotometric examination evaluates the effect of choice of
method on the optical properties. Since the optical properties of TiO, and Al,O3 deposited
with the two techniques are distinct, identical multilayer structures cannot be used, how-
ever this work has succeeded in designing multilayer structures with sufficiently similar
thickness and number of layers for the purpose of comparison. In addition, the multilay-
ers examined in this work so far have been targeting green heather reflectance spectrum,
so the upcoming results targeting pine bark also highlight the ability of the multilayer di-
electric materials to mimic arbitrary spectra. The reflectance spectra for IBS and ALD
multilayers on untreated and sanded quartz glass are presented in Figure 4.14.

For the plain quartz glass substrates, both IBS and ALD have managed to achieve very
good fit to the target reflectance spectrum with a reasonably thin and simple multilayer.
This re-iterates the conclusion made in 4.2, that target spectra with less features require
less complex multilayers for similar performance. The spectra for IBS and ALD multilay-
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Figure 4.14. Reflectance of TiO,/AlL O3 multilayer / quartz glass - ALD (a), IBS (b) - total
reflectance (solid lines), diffuse reflectance (dashed lines). Target: Mdnnyn kaarna 400—
750 nm, Total thickness: 860 nm, 19 layers (ALD), 840 nm, 17 layers (IBS). Incidence
angle: 8°. Insets: images of measured samples. Sanded glass substrates: 400 grit

ers for plain quartz glass substrates do not differ significantly from each other, since on
flat substrates both methods have the capability to produce identically thin and uniform
dielectric films. However, a significant distinction arises when we consider the spectra
of multilayers deposited on sanded glass. The underlying reason lies in the precise me-
chanics of either process. In IBS, the deposition flux approaches the substrate from a
defined direction, so despite rotation of the substrate during deposition the surface mor-
phology will have an effect on thickness of the deposited film in different areas i.e. due to
shadowing. In ALD, on the other hand, each pulse saturates the surface with a monolayer
of chemisorbed precursor. That results in deposition of a uniformly thick film regardless of
surface morphology, assuming pulse length sufficient for saturation of the entire surface.
Consequently when we compare the total reflectance spectra of the plain and sanded
glass substrates for the two techniques, the uniformity of ALD thin films results in smaller
change in reflectance, with majority of the spectrum still lying within the allowable 5%
tolerance. However, the uniformity also leads to less interface scattering, and therefore
lower proportion of diffuse reflectance in total as well as higher gloss for the ALD multi-
layer.

Secondly, the choice of deposition technique can also be defined by the substrate. Cam-
ouflage materials are typically applied to a wide variety of substrates, a lot of which have
complex three-dimensional shapes. Similar considerations such as that lead to difference
between the two techniques when applied to deposition on sanded substrates in Figure
4.14 also apply here. To quantify the difference between the two techniques when used
on complex substrates, we have deposited multilayers on quartz glass prisms, where
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faces tilted at different angles with respect to base plates they were attached to for de-
position were available. It is important to note that backside reflection in such prisms will
differ from flat substrates with uncoated backside, so the spectra do not exactly corre-
spond to those of Figure 4.14 but are directly comparable between the two techniques.
Reflectance spectra for this arrangement are presented in Figure 4.15.
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Figure 4.15. Reflectance of TiO,/Al O3 multilayer / different faces of quartz glass prisms -
ALD (a), IBS (b). Target: Mdnnyn kaarna 400—750 nm, Total thickness: 860 nm, 19 layers
(ALD), 840 nm, 17 layers (IBS). Incidence angle: 8. Insets: face angle and deposition
technique diagrams, image of the quartz glass prisms

Considering the reflectance spectra for the multilayers deposited with the two techniques,
the difference is clear. Reflectance spectra from the different faces with an ALD-deposited
multilayer, while differing slightly towards higher wavelengths, have a narrow spread. Con-
sidering the diagram in the inset, the low spread can be attributed to the uniformity inher-
ent to ALD due to the nature of the method, where presursors were able to reach and
saturate the surfaces of different faces of the prisms equally, resulting in dielectric layers
of equal thickness on all faces. For IBS, the spectra from different faces exhibit dramatic
differences. Referring to the inset diagram, the directionality of IBS deposition flux results
in differing film thickness on different faces of the prisms, which has effects that compound
over the whole multilayer to result in the observed drastic difference in the spectra.

Summing up the results of comparison between the two deposition techniques, both IBS
and ALD are equally suitable for producing multilayer thin film-based camouflage materi-
als on flat planar substrates. However, in cases where the substrate surface roughness
is significant and/or the substrate is curved or three-dimensional, ALD offers significant
advantages in terms of reproduction of the target spectrum as well as film uniformity
leading to much-reduced variation of optical properties across the different surfaces of
the substrate.
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4.5 Hyperspectral imaging

Finally, this work considers the performance of multilayer thin film camouflage materials
compared to modern camouflage in a laboratory hyperspectral imaging scenario. RGB
and corresponding false-colour hyperspectral images, as well as diffuse reflectance spec-
tra of the objects present in the scene, targeting green heather reflectance spectra are
presented in Figure 4.16.
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Figure 4.16. RGB (a) and false-colour hyperspectral (b) (R: 640 nm G:693 nm B:750 nm)
images of M05 fabric, green heather and coated quartz glass substrates: untreated (1),
sanded (2), sanded and HF-treated (3), - multilayer thin films for VIS range (as in Figure
4.8) and VIS+NIR range (as in Figure 4.10), as well as corresponsing reflectance spectra

(c)
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As was noted in Chapter 3, the experimental setup is by necessity designed in a way that
light reaching the hyperspectral camera is primarily diffusely reflected. Since multilayers
on untreated quartz glass substrates (1) have high gloss, they appear dark in the images
and demonstrate the aforementioned importance of low gloss in spectral camouflage ma-
terials. On first examination of the RGB image (4.16 a)), it is clear that the high average
reflectance of multilayers on sanded+HF-treated substrates (3) makes them immediately
distinguishable from natural materials and therefore unsuitable for use in practical cam-
ouflage. The multilayers on sanded substrates (2) are very similar in colour to both green
heather and light green M05 fabric. Since the most clearly defined spectral feature in
the VIS range (and the 400—-1000 nm range of Specim 1Q) is the so-called "red edge",
the spectral bins to use in producing a false-colour hyperspectral image were chosen
accordingly (shown as vertical lines in 4.16 c)).

Upon examination of the hyperspectral image (4.16 b)) it can be noted that the colour of
the MO05 fabric shifts to blue-green due to magnitude of diffuse reflectance in correspond-
ing bins being high stemming from the position of "red edge" being at lower wavelength
than for either the multilayer on sanded substrate or the green heather. At the same
time, the colour of green heather and the multilayer on sanded substrate remains blue,
albeit the intensity is significantly lower for the multilayer thin film material. As noted in
Chapter 2, when hyperspectral imaging in field conditions is undertaken the heterogene-
ity of the lighting often results in emphasis on camouflage detection based on specitral
features and ratios of light intensity at different wavelengths - which in false-colour hy-
perspectral images manifests as colour. This demonstrates that despite the distortion of
the reflectance spectrum due to surface roughness, the camouflage materials developed
in the course of this work perform better than the measured camouflage fabric in certain
imaging conditions. Finally, when comparing the VIS and VIS+NIR multilayers on sanded
glass substrates, the diffuse reflectance spectra are very similar which results in similar
performance in hyperspectral imaging conditions of this work, however it is reasonable
to expect from results of spectrophotometric investigation that VIS+NIR multilayer would
outperform the VIS multilayer given wider wavelength range imaging e.g. involving an
InGaAs sensor-based system.

The last part of this analysis extend the above analysis to consider another target - pine
bark, as well as practical differences between IBS and ALD-deposited multilayers in con-
text of hyperspectral imaging. RGB and corresponding false-colour hyperspectral images,
as well as diffuse reflectance spectra of the objects in the scene are presented in Figure
4.17.

As expected based on our previous analysis, the multilayers on untreated glass substrates
(1) appear dark and colourless due to their high gloss. The multilayers on sanded glass
substrates have distinct colouration alike to pine bark, and both are visually similar to the
relatively darker brown of MO05 fabric. This sample set also included a glass Fresnel lens
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Figure 4.17. RGB (a) and false-colour hyperspectral (b) (R: 400 nm G:631 nm B:750 nm)
images of M05 fabric, pine bark and coated quartz glass substrates: untreated (1),
sanded (2), and Pyrex glass Fresnel lens - multilayer thin films manufactured by ALD
and IBS (as in Figure 4.14), as well as corresponsing reflectance spectra (c)

with an ALD-deposited multilayer, to demonstrate ALD deposition on three-dimensional
substrates. In both the RGB and false-colour hyperspectral image, the reflection from the
lens has overexposed spots where light was reflecting specularly into the camera at high
angle on incidence. However, the lens also has areas where the light was reflecting into
the camera at lower incidence angles, and those have the bright orange colour of pine
bark. Switching to the hyperspectral image, pine bark reflectance spectrum does not have
any distinct spectral features in the VIS range outside of general increase in reflectance
towards longer wavelengths, so bins for the false-colour image were selected to cover the
whole range. The colour of the ALD multilayer on sanded substrate and pine bark appear
to be most similar, due to ALD multilayers’ lowest average reflectance which emphasises
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the reflectance increase which gives these materials colour. The IBS-deposited multilayer
and MO05 brown, while having similar spectral shapes have higher baseline reflectance,
leading to observed colour appearing more grey and washed-out.

The Fresnel lens in the image has much brighter reflected colours, presenting an alternat-
ing pattern of brightly (specularly) reflecting and darker spots where no light is specularly
reflected towards the camera. This points to a potential system-level solution to high gloss
of such materials - since spatial resolution of practical imaging systems is limited, sub-
strates with small curvature/macrotexturing that is much larger than multilayer thickness
could have the desired spectral properties when darker and brighter areas are averaged
out. A requirement for such macrotexturing would be that specular reflectance at different
incidence angles offers the same spectral properties. According to analysis in Section 4.2
multilayers such as those designed in this work extend similarity of spectral shape up to
45° incidence, which can be extended by designing multilayers with that explicit goal and
choice of modelling targets. For strongly macrotextured substrates, deposition with ALD
would arise as a requirement to achieve the needed uniformity of the multilayer films.
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5. CONCLUSIONS AND OUTLOOK

The objective of this thesis work was to investigate, numerically and experimentally, the
applicability of multilayer dielectric thin films to wide wavelength range hyperspectral cam-
ouflage. Traditional camouflage materials made with absorbing pigments and binders
have, despite constant development, fallen behind imaging technology with modern ad-
vancements in portable hyperspectral imaging. The camouflage materials proposed in
this work offer advantages over traditional ones in more accurate reproduction of re-
flectance spectra of natural materials, allowing for achieving the updated tactical goals.

Based on the data obtained with ellipsometry, multiple multilayer thin film stacks have
been designed with OpenFilters. The dielectrics utilised in this work - TiO, and Al,Os,
have shown to have differing optical properties when deposited with IBS and ALD. Multi-
layer thin film stack designs with reflectance spectra emulating the target natural materi-
als within required tolerance in 400—750 nm, 750—1800 nm and combined 400 - 1800 nm
have been demonstrated for quartz glass substrates, cementing the viability of the ap-
proach chosen in this work. For Si substrate positive results were obtained in 400—750 nm
range, however they could not be extended to 1800 nm within specified tolerance, likely
due to significant reflection from the substrate backside. Numerical simulations have
shown that on metal (Fe, Al) substrates acceptable results could not be achieved within
the constraints of the work, pointing to intermediate "primer" layers between the multilayer
stack and substrate as a potential solution.

After deposition, cross-sectional SEM has shown to be an effective method of quick eval-
uation of multilayer structure. Spectrophotometric measurements from the deposited mul-
tilayers have shown reflectance spectra to be generally well described by the numerical
models when backside reflection was included. Reflectance spectra measured from the
multilayers deposited on untreated quartz glass have effectively emulated the desired
spectral features of the target materials, and a clear tradeoff was established between
the width of the chosen spectral range and accuracy of reproduction of said spectral fea-
tures.

With one of the most desirable features of a camouflage material being low gloss, a sig-
nificant portion of this work was dedicated to investigation of methods of gloss reduction
and impact of surface texture on the spectra. This work shows a clear correlation between
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increase in surface roughness and decreased gloss, with a related decrease in quality of
reproduction of the target spectra - conclusion supported by theoretical treatment of co-
herence. When rough sanded glass substrate was further subjected to HF etching, the
change of surface morphology resulted in very low gloss - at the cost of even higher devi-
ation from target spectra. IBS and ALD -deposited multilayer stacks gave different results
on textured substrates, with ALD’s uniformity giving an advantage that translated in bet-
ter spectral response. On complex three-dimensional substrates ALD multilayers have
shown uniform response on all surfaces, unlike IBS ones.

Laboratory examination with a 400—1000 nm hyperspectral imaging system has shown
that improvements in spectral response and gloss reduction developed in this work do,
in certain conditions, result in better replication of optical properties of natural materials
than the measured modern camouflage fabric. ALD deposition of multilayer stacks per-
mits for creation of such high-performance camouflage materials on strongly curved 3D
substrates where traditional methods may be ineffective. While the results shown here are
promising for development of effective camouflage materials, a number of challenges still
remain before they are suitable for deployment. First of all, simulation software has to be
extended to use frameworks allowing for partial-coherence and non-coherent transfer, as
well as raytracing for the purpose of developing system-level solutions to gloss and spec-
tral response (i.e. complete BRDF). For metal substrates, the results of this work show
the need for finding suitable intermediate "primer" layers with broad light absorption. The
combination of TiO, and Al;O3 has shown to be well suitable as low and high index layers,
but investigation of effect of addition of a third material would not be misplaced. Another
suggestion for future extension of this work would be to take the hyperspectral imaging
evaluation to field conditions with varied natural lighting, as well as large distances to sub-
ject. An additional avenue of possible future work would be to examine the effect of heat
treatments and usage in high-heat environments on the properties and optical response.
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APPENDIX A: SUBSTRATE REFRACTIVE INDICES
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Figure A.1. Refractive indices of substrates used in this work - quartz glass (SiO,)[28],
silicon (Si)[76], iron (Fe)[77] and aluminium (Al)[76] (a) real part, (b) imaginary part
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APPENDIX B: M05 CAMOUFLAGE FABRIC
REFLECTANCE SPECTRA

This Appendix presents the results of measurements of reflectance spectra of Foxa Fox-
dura 1000D camouflage fabric in MO5 pattern with NIR treatment, purchased from Varusteleka
Oy. The pattern is similar to camouflage in use by Finnish military forces, and claims
adherence to same specifications, however spectral properties may potentially differ be-

tween the two.
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Figure B.1. Reflectance of different colour patches of M05 camouflage fabric (inset) in
400-750 nm range compared to corresponding reference materials
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Figure B.2. Reflectance of different colour patches of M05 camouflage fabric (inset) in
400-2000 nm range compared to corresponding reference materials
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