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Abstract
Light reflected from the scarab beetles Cetonia aurata (C. aurata) and
Chrysina gloriosa (C. gloriosa) has left-handed polarization. In this work
the polarizing properties and structural characteristics of the cuticles of
these two beetles are investigated with two different techniques: scanning
electron microscopy (SEM) and Mueller-matrix spectroscopic ellipsometry
(MMSE).

SEM is used to get cross section images of the epicutucle and the en-
docuticle. Thicknesses around 18 µm were measured for both layers for C.
aurata and between 12 and 16 µm for C. gloriosa. A layered structure is
observed in both beetles. In addition, a cusp-like structure is also observed
in C. gloriosa.

MMSE showed left-handed near-circular polarization of light reflected
on both beetles. For C. aurata this is observed in a narrow wavelength
range (500-600 nm) and for C. gloriosa in a wider wavelength range (400-
700 nm) when measured on golden areas of the cuticle. C. gloriosa also has
green areas where the reflected light was linearly polarized.

The results are used in regression modelling. A good model approxima-
tion was found for C. aurata for angles up to 60◦ whereas a good starting
point for future work was reached for C. gloriosa.
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Chapter 1

Introduction

The attractive shiny metallic colour of some scarab beetles has made them
the focus of several investigations. The colours originate from reflection of
light on the cuticle [1] and understanding the structural colouration has
motivated researches to closer investigate such structures.

Back in the early 1900’s Michelson noticed that the jewel beetle Chrysina
resplendens reflects circularly polarized light [2] which set the basis for a se-
ries of investigations on the polarization properties of several beetles [3], [4].
In nature the appearance of polarized light is common and several animals
actually can generate polarized light, but there are rather few examples of
the generation of circularly polarized light by animals. Whether the beetles
use polarized reflected light to communicate or as a defence mechanism is
also a matter of interest. The ability to detect circularly polarized light has
also been demonstrated for C. gloriosa [5].

The invention of the electron microscope in the mid 1900’s made it
possible to study microstructures including the structural composition of
insect cuticles. In many cases the cuticle consists of planes of microfibrils
which may either form preferred oriented layers or rotate progressively to
form helicoidal structures [6]. A cusp-like structure of concentric layers that
matches polygonal cells on the surface has also been identified in Chrysina
gloriosa (C. gloriosa) [7].

More recently, an effort to understand the helicoidal structure and its
influence on the polarization of light has lead to the creation of models that
reproduce this structure and its optical response. Layered biaxial material
with a continuous rotation has already been characterized [8].

Combining polarization measurements and imaging to characterize the
localization of circular polarization on beetle cuticles is also of interest and
it is now possible with the development of an angle resolved Mueller-matrix
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2 Introduction

polarimeter [9].
Most investigations carried out so far share a common goal of determin-

ing the structure and composition of the beetle’s cuticle and understanding
the polarization of light reflected on them. A future objective is to develop
an artificial bioinspired multilayer system which reproduces the visual ef-
fects of the beetles exoskeleton [10].

In this work we will investigate two scarab beetles, Cetonia aurata (C.
aurata) shown in Fig. 1.1 (a), and C. gloriosa shown in Fig. 1.1 (b). These
beetles share a common feature, both species polarize light left handed and
near circular.

(a) C. aurata (b) C. gloriosa

Figure 1.1: Images of the beetles (a) Cetonia aurata and (b) Chrysina gloriosa.

Two different techniques are employed to characterize the structure and
optical response of the cuticle,

• Scanning electron microscopy (SEM) is used to get cross section im-
ages of the beetle cuticles.

• Mueller-matrix spectroscopic ellipsometry (MMSE) is used to get an
overview of the polarization as a function of wavelength and incident
angle.

The combination of the results obtained from this two techniques is
used in a model-based regression analysis to obtain an optical model of the
cuticles.

The results will be important for future work aiming to fabricate struc-
tures with similar optical properties. This would, for instance, be the first
step towards a new revolutionary material synthesis which would allow us
to develop surfaces with a desired metallic colours but with more environ-
mentally friendly materials. The possibilities to produce surfaces giving
desired polarization effects is also very interesting.



Chapter 2

Theory

In this work the main optical characterization technique is ellipsometry. For
a better understanding of this technique a brief introduction to the theory
behind optical polarization and ellipsometry is given in this chapter.

2.1 Polarized light

Light is described as an electromagnetic wave travelling through space. By
analyzing the components of the electric field vector E we can describe its
polarization in the plane perpendicular to the direction of propagation.

Assume that an electromagnetic plane wave is propagating along the
z-axis. We can then describe the electromagnetic plane wave in complex
form according to

E(z, t) = Exx̂ + Eyŷ, (2.1)

where Ex = |Ex|eiδx and Ey = |Ey|eiδy are the complex-valued field compo-
nents in the x- and y-directions, respectively, and x̂ and ŷ are unit vectors
in a cartesian xyz-coordinate system.

By including time t and z dependence we have

E(z, t) =
[
|Ex|ei(qz−ωt+δx)

|Ey|ei(qz−ωt+δy)

]
, (2.2)

where q = 2πN/λ is the propagation constant and ω the angular frequency,
N the complex refractive index and λ the wavelength.

Depending on the correlation between Ex and Ey the wave will have
different polarization states, as described below. The introduction of a
matrix formalism according to R. Clark Jones [11] will simplify calculations.
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4 Theory

The equation of a plane monochromatic wave can be written as in Eq.
(2.1) but also as

E =
[
Ex
Ey

]
=
[
|Ex|eiδx

|Ey|eiδy

]
, (2.3)

which represents the complex electric field at t=0 and z=0 as a composi-
tion of two sinusoidal linear oscillations along two mutually perpendicular
directions. Ex and Ey represent the projections of the field along the x-
and y-axis of the local coordinate system. δx and δy are the phases of Ex
and Ey, respectively.

The abstract vector E in Eq. (2.3) is called the Jones vector of the
wave. Using Cartesian basis vectors defined by

Êx =
[
1
0

]
, (2.4a)

Êy =
[
0
1

]
, (2.4b)

we can write Eq. (2.3) according to

E = ExÊx + EyÊy. (2.5)

Now we can represent different polarization states with Jones vectors.
In Table 2.1 we can see a description of some of them and also an illustration
of the direction of oscillation of the vector E.

The polarization depends on the correlation between Ex and Ey. If
they are completely correlated we have totally polarized light. On the
other hand, if they are totally uncorrelated, the plane wave is said to be
unpolarized. Sometimes we may also have light with partial correlation be-
tween Ex and Ey, that is, partially polarized. For that reason we introduce
the concept of degree of polarization

P = Ipol
Itot

, (2.13)

where Ipol is the irradiance of the polarized part of the wave and Itot is the
total irradiance.



2.1 Polarized light 5

Polarization State Jones Vector Illustration

Unpolarized

Linear
along x-axis E =

[
1
0

]
(2.6)

along y-axis E =
[
0
1

]
(2.7)

inclined an
angle α E =

[
cosα
sinα

]
(2.8)

Circular right-handed E = 1√
2

[
1
i

]
(2.9)

left-handed E = 1√
2

[
1
−i

]
(2.10)

Elliptical right-handed E =
[
E0x
iE0y

]
(2.11)

left-handed E =
[
E0x
−iE0y

]
(2.12)

Table 2.1: Description of different polarization states.
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2.2 The polarization ellipse
A polarized light beam can be characterized by four parameters: the am-
plitudes and phases of Ex and Ey as in Eq. (2.3). For partially polarized
light we should add a fifth parameter, the degree of polarization.

A good visual representation of the polarization states is the polariza-
tion ellipse. Consider the path traced out by E(r, t) at any fixed xy-plane
(z = zi). Since the x- and y- components oscillate harmonically about the
origin, the locus is in general an ellipse, as shown in Fig. 2.1. The pa-

Figure 2.1: The polarization ellipse.

rameters that describe the ellipse of polarization in its plane are the total
amplitude A

(
A = (a2 + b2)1/2

)
, the absolute phase δ, which determines

the angle between the initial position of the electric field vector at t = 0
and the major axis of the ellipse, the azimuth angle α, which defines the
orientation of the ellipse in its plane and the ellipticity e, which is the ratio
of the length of the semi-minor axis b of the ellipse and the length of the
semi-major axis a of the ellipse. Hence

e = ± b
a

= ± tan ε (2.14)

where the + and the - signs correspond to right- and left-handed polariza-
tion, respectively, and ε is the ellipticity angle.
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2.3 Stokes vectors

Another vector representation of polarized light was defined by Sir George
Stokes. He introduced the four Stokes parameters in Eq. (2.15) which make
it possible to describe polarized, unpolarized and partially polarized light.

S =


S0
S1
S2
S3

 =


Ix + Iy
Ix − Iy

I+45◦ − I−45◦

Ir − Il

 (2.15)

In Eq. (2.15) S0 represents the irradiance of the light wave. Ix and Iy are
the irradiances for linear polarization in the x and y directions, so S1 rep-
resents the difference between the irradiances of the x- and y-components.
S2 represents the difference between the irradiances of the light wave in
the +45◦(I+45◦) and the -45◦(I−45◦) directions of the linear polarization.
The last term, S3 represents the difference between the irradiances of the
right-circular state (Ir) and the left-circular state (Il) of polarization.

The normalization S0 = 1 is commonly used. For example the Stokes
vector of unpolarized light would then be written

S =


Si0
Si1
Si2
Si3

 =


1
0
0
0

 . (2.16)

2.4 The Mueller-matrix

In order to represent unpolarized or partially polarized light we may use
Stokes vectors as described above. To describe optical components we
introduce a 4x4 matrix M called the Mueller-matrix. A combination of
Mueller matrices can represent an optical system and describe the effects
an incident light beam encounters. In this way the Stockes vector of the
emerging beam So can be expressed as a linear combination of the elements
of the Stockes vector of the incident beam Si according to S0 = MSi

So0
So1
So2
So3

 =


M11 M12 M13 M14
M21 M22 M23 M24
M31 M32 M33 M34
M41 M42 M43 M44



Si0
Si1
Si2
Si3

 . (2.17)
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In this work we will be most interested in incident light being unpolar-
ized. With a normalized Mueller matrix (mij = Mij/M11) and a Stokes
vector according to Eq. (2.16) we get the following expression


So0
So1
So2
So3

 =


1 m12 m13 m14
m21 m22 m23 m24
m31 m32 m33 m34
m41 m42 m43 m44




1
0
0
0

 =


1
m21
m31
m41

 . (2.18)

We will pay special attention to the m41 element which will be directly
related to the circular polarization properties when a surface is irradiated
with unpolarized light.

Some of the parameters previously introduced can be written as a func-
tion of the emerging Stokes elements and, in the case of unpolarized incident
light as in Eq. (2.18) also as a function of the Mueller-matrix elements [12].
Examples are the ellipticity angle,

ε = arctan(e) = 1
2 arcsin

 So3√
S2
o1 + S2

o2 + S2
o3


= 1

2 arcsin

 m41√
m2

21 +m2
31 +m2

41

 , (2.19)

azimuth angle,

α = 1
2 arctan

(
So2
So1

)
= 1

2 arctan
(
m31
m21

)
, (2.20)

and degree of polarization,

P =

√
S2
o1 + S2

o2 + S2
o3

So0
=
√
m2

21 +m2
31 +m2

41. (2.21)

As mentioned above we will focus on element m41 of the Mueller matrix
which can be expressed as a function of P and e according to

m41 = f(P, e) (2.22a)

m41 = P sin(2ε) = P sin(2 arctan(e)). (2.22b)
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2.5 Ellipsometry
Ellipsometry is a technique very sensitive to surface layers and is there-
fore suitable for thin film studies but also for surface and interface char-
acterization, e.g. for measuring optical properties and thickness of single
surface films and multilayers. One of its main advantages is that it is
non-destructive since it is contactless. There are three different measure-
ment modes in ellipsometry: reflection, which is the one used in this study,
transmission and scattering.

Reflection ellipsometry is based on oblique reflection of incident light
at a surface. The change in the polarization state of the reflected beam is
measured by studying phase differences and relative field amplitudes. The
signals measured and processed are irradiances. The incident light can have
any state of polarization as long as it is known.

An ellipsometer measures the ratio

ρ = χr
χi

(2.23)

where χr and χi are the complex number representation of the states of
polarization of the reflected and incident beam, respectively. χr and χi are
defined in a cartesian coordinate system with the p- and s-direction parallel
and perpendicular to the plane of incidence, respectively. The definition is

χ = Ep
Es

(2.24)

where Ep and Es are the complex-valued representations of electric fields
in the p- and s-direction, respectively. For light reflected from an opti-
cally isotropic sample or an uniaxial anisotropic sample with its optics axis
normal to the surface, no coupling occurs between the orthogonal p- and
s-polarizations. The reflection coefficients rp and rs then becomes

rp = Epr
Epi

, (2.25a)

rs = Esr
Esi

, (2.25b)

with χi = Epi/Esi and χr = Epr/Esr, Eq. (2.23) expands to

ρ = Epr
Esr

Esi
Epi

= rp
rs

= tan(Ψ)ei∆ (2.26)

which gives the relation between the sample properties rp and rs and the
experimental data Ψ and ∆.
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For the study of more complex microstructures, anisotropic, depolariz-
ing or scattering samples it may be necessary to use more advanced method-
ology. For anisotropic samples generalized ellipsometry may be used, mea-
suring at least three polarization changes at three different polarizations
of the incident beam. The reflection properties of the samples are then
described with a reflection Jones matrix. Mueller-matrix ellipsometry is
employed if a sample is depolarizing. A 4x4 Mueller matrix describes the
polarization properties.

An ellipsometer consists of a light source, a polarization state genera-
tor (PSG), a sample holder, a polarization state detector (PSD), a detec-
tor, apertures, control electronics and a computer. A general ellipsometric
configuration can be illustrated as in Fig. 2.2. The polarization state
generator (PSG) provides polarized light expressed as the Stokes vector
Si = (Si0, Si1, Si2, Si3)T and the polarization state detector (PSD) deter-
mines the Stokes vector So = (So0, So1, So2, So3)T of the emerging beam.
The sample is described with the Mueller matrix M and the lines in the
sample box represent the Mueller-matrix elements mij .

Figure 2.2: General ellipsometric configuration [12]

2.6 Scanning Electron Microscopy

In this study SEM is used for sample imaging where the sample is analysed
in three dimensions. The advantages, compared with an optical microscope,
are the resolution and magnification which are several orders of magnitude
higher. The SEM also provides a larger depth of field.

The basic principle in a SEM is to scan the surface of the sample with
a focused electron beam, and at the same time collect and analyse the elec-
trons and/or photons emitted from the sample surface. There are differ-
ent imaging modes in SEM (secondary electrons, backscattered electrons,
X-rays, cathodoluminescence, induced conductivity, electron channelling
patterns and backscattered diffraction). Electrons and photons generated
carry different types of information (topographical, elemental composition,
electronic properties, magnetic and electronic contrast, etc.).
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Secondary electrons is the most common imaging mode and is used
in this work. When the incident electrons from the beam interacts with
the atoms in the surface region of the specimen, secondary electrons are
produced. The impact causes a path change for the incident electron and an
ionization of several specimen atoms. The ejected electrons leave the atom
with a very small kinetic energy (<50eV). Only those electrons originating
near the surface are detected.

The electron gun generates a focused electron beam with high intensity.
In a modern SEM a field emission gun is used for its excellent brightness.
The typical beam strength is 108−109 A/(cm2rad) and it has long lifetime
(∼100h) and the possibility to work under high vacuum conditions.

The lenses in a SEM use electrostatic or magnetic fields to condense
and demagnify the electron beam to form a focused spot on the surface.
The size of the beam spot defines the resolution. Electrons are forced to
move in the center of the lens to minimize the spherical aberration [13].

A layout of a SEM can be seen in Fig. 2.3.

Figure 2.3: Scanning electron microscope diagram by the Australian Microscopy
and Microanalysis Research Facility.





Chapter 3

Experimental details

In this chapter the investigated samples and the measurement techniques
are presented.

3.1 Samples

Two species of scarab beetles were studied in this diploma work, one spec-
imen of C. aurata (CA) and three specimens of C. gloriosa (CG1, CG2
and CG3). C. aurata has a green metallic colouration with irregular lines
and marks although some specimen can have a reddish appearance. This
beetle is found in Europe. C. gloriosa is green-coloured but with golden
stripes along its elytras (forewings). The species are found in southern
USA and Mexico [14]. Variants of C. gloriosa with purple colour have
also been reported. We will see how these two different areas, the green-
and gold-coloured, not only differ in colour but also in their polarization
properties.

3.2 Mueller-matrix Spectroscopic Ellipsometry

The Mueller-matrix Spectroscopic Ellipsometer (MMSE) used in this work
is of dual rotating compensator type (RC2, J. A. Woollam Co, Inc.). A
compensator changes the phase of the light wave, making it possible to
generate light with a Stokes parameter S3 6= 0. The advantage of using dual
compensators is that the polarized state of both the incident- and emerging
light can be determined, and therefore the complete Mueller-matrix can be
obtained. By letting the two compensators rotate at different angular speed
but with a certain ratio, a minimum of the highest order of terms in the
Fourier transform of the detector signal can be found, making it quicker to

13
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calculate the 24 independent non-zero Fourier amplitudes [15] from which
the 16 Mueller-matrix elements are calculated.

In the employed ellipsometer a spectral range of 245-1690 nm is mea-
sured at the same time. The beam is dispersed by a grating after which
each separated wavelength is detected by means of an array of diodes. The
system has several custom hardware components. For the measurements
in this study a sample holder that allowed rotations and translations of the
sample in different planes was used. In addition, the use of focusing lenses
allowed us to measure in a smaller area with an approximate width of 50
µm and a length of 50 - 200 µm depending on the angle of incidence.

An acquisition time of 30 s was regarded to be optimal. Longer acquisi-
tion times did not improve the measurement quality whereas shorter times
resulted in too high noise levels.

The measurements were performed at incident angles from 20◦ to 75◦
in steps of 5◦. It would have been preferable to obtain measurement data
from 0◦ to near 90◦ but the focusing probes and the curvature of the inves-
tigated samples limited the angle interval. The selection of a step of 5◦ was
appropriate to have a good overview of the changes with angle of incidence.
During measurements the sample was aligned at each measured angle.

The measurements were done mounting the specimen in the sample
holder and matching up the incident light beam. For C. aurata all mea-
surements were done on the scutellum (Fig. 3.1). C. gloriosa was measured
on the golden or green areas of the elytra.

With the use of the focusing optics the light beam has a spot size of
the order of 50-100 µm. The measurements were done for the complete
wavelength range of the instrument (245-1690 nm) but only the range 245-
1000 nm was considered for the analysis due to an increase of the noise
level above 1000 nm.

Figure 3.1: Photograph of the scutellum with the light beam seen as a white spot.
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The results will mainly be presented as contour plots where we get a
representation of the value of different parameters as a function of angle
of incidence θ and wavelength λ of the incident beam. For each beetle we
present at least one set of four plots, the first represents the m41 element
of the Mueller-matrix, the second is the degree of polarization P, the third
the ellipticity e and the last one is the absolute value of the azimuth α.

In Fig. 3.2 we can see an example of a contour plot. In this polar plot
the radial coordinate is the wavelength of the incident beam λ ∈ [245, 1000]
nm, and the angular coordinate is the angle of incidence θ ∈ [20◦, 75◦].

The scale on the right refers to the variable represented in the plot. In
most of the cases this is a normalized value. In the case of the m41 plot the
range is -1 to +1. In the degree of polarization plot it is in the range 0 (not
polarized), to 1 (completely polarized). The ellipticity has values from -1
(left circular polarization) to +1 (right circular polarization). Finally, the
absolute value of the azimuth angle is in the range 0-90◦, which in cases
when |e|=1 represents an ellipse with its major axis horizontally orientated
(s-polarized) when α = 90◦, to vertically orientated (p-polarized) when
α = 0◦.

Figure 3.2: Contour plot used to representate the polarization states. λ ∈
[245, 1000]nm and θ ∈ [20◦, 75◦] and the scale on the right [0,1] or [-1,1] refers
to the value measured on m41, P, e or α.
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3.3 Modelling

Physical characteristics, such as number of layers, thicknesses and optical
constants of the measured sample, can not be obtained directly from the
ellipsometric data. Instead, a model-based analysis of the MMSE data
must be performed. For this, the analysis software CompleteEASE (J. A.
Woollam Co., Inc.), created to be used with the RC2 ellipsometer, was
used. In order to do the analysis, a layered optical model of the sample is
built and its response is calculated. The obtained generated data is then
compared with the experimental data. Model fit parameters are defined
and their values are adjusted by the software to minimize the difference
between generated and experimental data [16]. The fitting procedure is
illustrated in Fig. 3.3.

Figure 3.3: Outline of the fit procedure in ellipsometric analysis. [16]

To qualitatively judge a model, the experimental data can be visually
compared with the generated data in a graph. However, it is also important
to have a quantitative and objective measurement of the "goodness" of the
fit. This quantitative parameter is often the Mean Squared Error (MSE)

MSE =

√√√√ 1
3n−m

n∑
i=1

[
(NEi −NGi)

2 + (CEi − CGi)
2 + (SEi − SGi)

2
]
×1000

(3.1)
where n is the number of (N, S, C )-triplets, i.e., the product of number
of wavelengths and angles of incidence, m is the number of fit parameters,
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and N=cos(2Ψ), C=sin(2Ψ)cos(∆) and S=sin(2Ψ)sin(∆). The experimen-
tal data are the parameters with subscript "E" and model generated data
with subscript "G". The lower the MSE value the better the fit, and an
ideal model fit should have an MSE value ∼ 1 but complex models could
have a much larger MSE value (> 10) and still being acceptable. The
CompleteEASE software uses the Levenberg-Marquardt method, a stan-
dard, iterative, non-linear regression algorithm to minimize the MSE by
adjusting the fit parameters, converging quickly to the lowest MSE [16].
Equation (3.1) illustrates de case when the N,S and C parameters are
measured. In this investigation, we use the 15 normalized Mueller-matrix
elements in the fitting procedure and there will be 15 terms in Eq. (3.1)
and the prefactor will be 1/(15n−m).

The CompleteEASE software contains several features relevant for the
modelling of the samples. The model is built layer by layer, giving each
layer different optical properties. Reference data exists for many materials
in the software database. Also predefined model functions can be used such
as Cauchy dispersion, B-spline models or Lorentz oscillators. A layer can
also be defined as uniaxial or biaxial and be given different parameters in
the ordinary and extraordinary directions. Surface or interface roughness
as well as porosity can be modelled using effective media approximations
[17].

When building a model, it is important to know the crystallographic
characteristics of the sample. For example, cubic crystals such as salt
(NaCl) or diamond (C) and materials with no long-range crystalline struc-
ture, such as fluids or glasses, are optically isotropic, which means that
the optical properties are the same in all directions, so the material has
only one index of refraction. On the other hand, if the optical properties
are different in different directions, the materials are anisotropic and can
be uniaxial or biaxial, depending on how many directions of symmetry or
optic axes it has. Uniaxial materials are those with a single optic axis so
they have two refractive indices, one parallel (N‖) and one perpendicular
(N⊥) to the optical axis. Biaxial materials have two directions of symme-
try and two optical axes, and therefore this materials have three indices
of refraction. Crystalline systems with such characteristic are the triclinic,
monoclinic and orthorhombic crystals. Mica is a good example of a biaxial
material [18]. In the models used in this project both uniaxial and biax-
ial layers have been considered. The model created for C. aurata and C.
gloriosa consists mainly of two layers on a substrate.

The top layer, the epicuticle, is formed by proteins, lipids, lipoproteins
and dihydroxyphenols and is covered with thin layers of wax and cement
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[1]. It is described by a uniaxial model and assumed to be partially trans-
parent. The refractive index of transparent or partially transparent films
in the visible spectral range is typically described by the Cauchy dispersion
relation

n(λ) = A+ B

λ2 + C

λ4 + ..., (3.2)

where n is the refractive index, λ is the wavelength, A,B,C, etc., are de-
termined by fitting the equation to the measured values of a particular
material [18]. In this investigation a two-term form of the equation has
been used:

n(λ) = A+ B

λ2 . (3.3)

A small absorption has also been included to damp oscillations. Here
we use the Urbach expression, an exponentially decaying function

k = kampe
γ(E−Eg) (3.4)

where the amplitude (kamp) and γ can be fit parameters whereas the band
edge (Eg) is set manually but not fitted since it is directly correlated to

kamp [16]. E is the energy according to the equation E = hc

λ
.

The next layer in the model is a graded biaxial layer representing the
exocuticle. The exocuticle is a multilayered structure of proteins and chitin
crystals. The layers are formed by long chiral threadlike molecules and each
layer is twisted with respect to the adjacent layer thus creating a helicoidal
structure which in electron microscopy studies can be connected to the so-
called Bouligand structure [19]. The thickness of a complete turn of 360◦
is called the pitch. It is in the exocuticle where the color and polarization
effects are generated. This optically active structure reflects elliptically
polarized light which can be near-circular at some angles of incidence and
in limited spectral ranges. The handedness of the polarization depends on
the helicoid, reflecting light of the same handedness and transmitting light
with the opposite handedness [1].

The helicoidal layer is modelled by dividing the layer into a fixed number
of slices which are given biaxial optical constants and using the scattering
matrix formalism [12]. The Euler angle determining the optical axis orien-
tation in the plane is varied according to,

φ = φ0 + x · 360N (3.5)

where N is a fitted parameter corresponding to the number of turns, x is
the position in the layer which varies from 0 to 1, and φ0 is the value of
the graded parameter φ at x = 0. The pitch is then obtained by dividing
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the total exocuticle thickness with the number of turns. A smear width
parameter has been included to allow the variation of the number of turns
in the model.

Finally a virtual substrate is included in the model and is represented
by Cauchy dispersion and an Urbach absorption as described above. This
substrate can be considered to correspond to the endocuticle. However, this
layer has a minor influence in the model since most of the light is absorbed
in the exocuticle layer. The absorption in the exocuticle leads to that the
exocuticle can be considered as a semiinfinite substrate. In fact, the virtual
substrate refractive index is used to describe the ordinary components of
the exocuticle refractive index and absorption. The refractive index of the
extraordinary axes are then obtained from a fitted wavelength independent
shift of the ordinary refractive index.

Figure 3.4 shows a representation of the layered structure of the cross
section of the beetle cuticle and the model created.

Figure 3.4: Representation of the layered structure of the cross section of the
beetle cuticle and the model created.

3.4 Scanning Electron Microscopy

The SEM used in this work is a Leo 1550 with a Gemini field emission
column. Its superb resolution and image quality at low operating voltages
makes it a convenient instrument for this investigation. The accelerating
voltage has a wide operating range from 200V to 30kV [20], but a 2kV
voltage has proved to be optimal for these organic samples allowing us to
have pictures with good resolution without hardly damaging the samples.

The main drawback of this technique is the sample preparation. Sam-
ples must be vacuum compatible and electrically conductive which force us
to pre-treat the samples coating them with a thin platinum film. The coat-
ing film should be thick enough to avoid charge-up effects but thin enough
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to be able to distinguish the molecular structure. Besides, the heteroge-
neous composition of the cuticle makes it difficult to get a clean cut of the
cross section of the structure without destroying them.

Some sample preparation was necessary before using the SEM. The
samples were cooled in liquid nitrogen for 10 min, cut with a razor blade and
glued to the sample holder with silver glue. Due to the organic condition
of the samples a platinum coating was applied during 20s at 60mA at a
pressure of 5 10−2 Pa.



Chapter 4

Results

C. aurata and C. gloriosa beetles have been studied with the different
techniques previously introduced. In this chapter the results from SEM
studies, ellipsometry analysis and optical modelling are presented.

The two beetles studied share a common feature. Light reflected from
their cuticles has left-handed polarization. This effect is easily observed
with the help of circular polarisers as shown in Fig. 4.1 and Fig. 4.2. Figure
4.1 shows three pictures of C. aurata taken with a left-circular polarizer in
front of the camera, without polarizer and with a right-circular polarizer
in front of the camera.

Figure 4.1: C. aurata with a left-circular polarizer (LCP) in front of the camera,
without polarizer (UP) and with a right-circular polarizer (RCP) in front of the
camera.

Figure 4.2 shows three pictures of C. gloriosa taken with a left-circular
polarizer in front of the camera, without polarizer and with a right-circular
polarizer in front of the camera. The optical difference is not only in the
colouration but also in the polarization properties of the green and golden
areas as we will see from the ellipsometric analysis below.

21
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Figure 4.2: C. gloriosa with a left-circular polarizer (LCP) in front of the camera,
without polarizer (UP) and with a right-circular polarizer (RCP) in front of the
camera.

4.1 Scanning Electron Microscopy

The cuticles of C. aurata and C. gloriosa have a similar overall composition
and structure. It is composed of proteins, lipids, chitin, etc. and is divided
into epicuticle, exocuticle and endocuticle. However, a closer look on these
structures, with SEM, shows differences in the layering. The values of the
thickness measured will serve as orientation parameters for the development
of the model.

In Fig. 4.3 an electron microscopy image for a cross-section of the cuticle
of C. aurata can be seen. The surface of the cuticle is located at the top of
the image. The 18 µm thickness corresponds to the epicuticle, exocuticle
and endocuticle together. It can clearly be seen how the thickness of the
layers varies along the cut.

At higher magnification (Fig. 4.4(a)), the layered structure of the epi-
cuticle and exocuticle is observed. This region has a total thickness of 7
µm. However, this thickness is different at different parts of the cuticle.
Figure 4.4(b) shows the thickness of a sub-layer equal to 460 nm. The
thickness of the sub-layers increase gradually from the surface, at the top
of the image, towards the inner layers.

C. gloriosa has two areas which differ in colour and, as will be shown
below, in polarization properties. It is expected to find different structures
in the two areas. However, in the initial SEM studies presented in this
thesis structural differences could not be identified. The SEM image in
Fig. 4.5 shows curved concentric sub-layers with a cusp-like geometry with
a width of approximately 9.6 µm.

Other SEM images of C. gloriosa (Fig. 4.6) show the epicuticle and
exocuticle as a layered structure with a total thickness equal to (a) 12.5
µm and (b) 16 µm. In this case the sub-layers are parallel to the surface
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and and the thickness of the sub-layers increases gradually from the surface,
at the top of the image, towards the inner layers.

Figure 4.3: SEM image showing a cross-section of the cuticle of C. aurata. The
surface of the cuticle is located at the top of the image.

(a) (b)

Figure 4.4: SEM images showing a cross-section of the cuticle of C. aurata. The
surface of the cuticle is located at the top of the image. (a) The thickness of the
epicuticle and exocuticle in this region is 7 µm. (b) Image with higher magnification
showing a sub-layer thickness of 460 nm. The thickness of the sub-layers increases
gradually from the surface, at the top of the image, to the inner layers.
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Figure 4.5: SEM image showing a cross-section of the cuticle of C. gloriosa. The
surface of the cuticle is located at the top of the image. The width of the region
with the cusp-like curved concentric sub-layers column is around 9.6 µm.

(a) (b)

Figure 4.6: SEM image showing a cross-section of the cuticle of C. gloriosa. The
surface of the cuticle is located at the top of the image. (a) Epicuticle and exocuticle
with a thickness of 12.5 µm. (b) Epicuticle and exocuticle with a thickness of 16
µm.
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The epicuticle is difficult to observe in the SEM images and may unin-
tentionally have been removed during sample preparation. Both specimens
showed a layered structure parallel to the surface, as observed in Fig. 4.3
and Fig. 4.6, where the thickness of the layers increases from the surface
to the inner layers (Fig. 4.4 and Fig. 4.6).

In C. gloriosa a cusp-like structure could be observed (Fig. 4.5) with a
column width of about 10 µm. This structure may be responsible for the
differences in colouration and polarization effects over the surface of this
beetle [9] and may contribute to different scattering properties between the
green and golden areas.

Sharma [7] detected a pattern on the surface of C. gloriosa that was
composed by pentagonal, hexagonal and heptagonal cells. As can be ob-
served from Fig. 4.7, each cell has an approximate size of 10 µm and the
reflections are golden from the center and greenish from the edges. The
Voronoi diagram, method for pattern recognition and for modelling the
properties of spatial structures, in Fig. 4.7 (B) shows the distribution of
the polygonal shapes [7].

Figure 4.7: (A) Optical micrograph of the exoskeleton of C. gloriosa showing bright
yellow reflections from the core of each cell (∼10 µm in size) and greenish reflection
from the edges. (B) Voronoi analysis of the corresponding image. Pentagons are
coloured blue, heptagons are red and hexagons white [7]. Reprinted with permission
from AAAS.
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4.2 Mueller-matrix Spectroscopic Ellipsometry
Contour plots derived from MMSE data are here presented for the m41
Mueller-matrix element, the degree of polarization P, the ellipticity e and
the absolute value of the azimuth angle α.

Cetonia aurata
In Fig. 4.8 we can see that in a narrow wavelength range (500-600 nm)
the light is left-handed with near-circular polarization when reflected on
this beetle. For any other wavelength the near-circular polarization effect
is very small and the light is linearly polarized. We can also observe that
this effect occurs for angles between 20◦ and 50◦ and decreases when ap-
proaching larger angles. The degree of polarization is in general high but a
decrease can be observed in regions adjacent to the region with near-circular
polarization. The absolute value of the azimuth angle remains close to 90◦
(s-polarized) but shifts to smaller values in the angle- and wavelength re-
gions for which the left-handed polarization takes place.

Figure 4.8: Contour plots (λ, θ) of the scarab beetle C. aurata showing the Mueller
matrix element m41, the degree of polarization P, the ellipticity e and the azimuth
|α|, with λ ∈ [245, 1000]nm and θ ∈ [20◦, 75◦].

Several specimens of C. aurata has been previously studied with the
same technique [17] showing similar results.
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Chrysina gloriosa
In Fig. 4.9 the strong polarization effect of the golden areas of C. gloriosa
(CG1) is seen. The m41 plot shows near-circular and left-handed polariza-
tion of light on the golden areas for small incidence angles and wavelengths
from approximately 400 nm to 700 nm. The degree of polarization is high,
close to 1, for the same wavelengths and angles where the near-circular
polarization takes place.

Figure 4.9: Contour plots (λ, θ) of the scarab beetle C. gloriosa CG1 measured on
a golden area showing the Mueller matrix element m41, the degree of polarization
P, the ellipticity e and the azimuth |α|, with λ ∈ [245, 1000]nm and θ ∈ [20◦, 75◦].

On the other hand, measurements performed on the green areas of this
beetle show very small circular polarization effects as can be observed in
Fig. 4.10(a). Despite the high degree of polarization, the ellipticity is very
low. In Fig. 4.10(b) the scale of the ellipticity e and m41 plots is changed
in order to be able to see the weak elliptical polarizing effect.

From the MMSE we conclude that C. aurata and the gold coloured areas
on C. gloriosa reflect left-handed light with near-circular polarization. In
the case of C. aurata light is polarized in a narrow wavelength range (Fig.
4.8) but for C. gloriosa the wavelength range is wider (Fig. 4.9). The
green areas on C. gloriosa show very small circular polarization of light
(Fig. 4.10) and most of the light reflected from the green areas are linearly
polarized.
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(a) Full Scale

(b) Max - Min Scale
Figure 4.10: Contour plots (λ, θ) of the scarab beetle C. gloriosa (CG1) measured
on a green area showing the Mueller-matrix element m41, the degree of polarization
P, the ellipticity e and the azimuth |α|, with λ ∈ [245, 1000]nm and θ ∈ [20◦, 75◦].
(a) Using full scale, (b) rescaled to maximum and minimum values for the m41 and
ellipticity plots.

Measurements on two more beetles from the C. gloriosa species were
performed. The results of these measurements are shown in Appendix
A. Comparing the ellipsometry measurements from different C. gloriosa
specimens, we can generalize the conclusions for this species.
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4.3 Modelling

Cetonia aurata
The model created for C. aurata is composed of two layers on a substrate
as described above and seen in Fig. 4.11. A regression fit to the measured
data was performed according to the description in Chap. 3.3.

Figure 4.11: The model for C. aurata has two layers, a top biaxial layer represent-
ing the epicuticle, a middle graded layer, representing the exocuticle and a Cauchy
substrate representing the endocuticle.

The top layer, representing the epicuticle, has a fitted thickness of
540.74 nm and was modelled as a uniaxial material represented by the
Cauchy dispersion relation, n = A + B/λ2, according to the following pa-
rameters,

nx,y(λ) = 1.34 + 0.0055
λ2 (4.1a)

nz(λ) = 1.28 + 0.0055
λ2 (4.1b)

where Eq. (4.1a) is the refractive index in the ordinary direction (x- and
y-directions) and Eq. (4.1b) is the refractive index in the extra-ordinary
direction (z-direction).

In order to describe absorption in the layer, an Urbach expression ac-
cording to Eq. (3.4), was included giving fitted values of,

k(λ) = 0.07e0.85(E−Eg) (4.2)

where the values for kamp and γ are presented. The Eg parameter was fixed
to 400 nm (3.1 eV). The refractive indices and the extinction coefficient are
represented in Fig. 4.12.

The next layer in the model is the graded layer, representing the exo-
cuticle. The thickness of this layer was fixed to 13200 nm and divided into
300 slices. The parametric equation, Eq. (3.5), was introduced to model
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Figure 4.12: Generated refractive indices and extinction coefficient for the epicu-
ticle layer of C. aurata.

the rotation of the slices and resulted in a fitted rotation of 34.2 turns. An
option included in the model was a variation in the number of turns, a so
called smearing. A smear width equal to 2.2 was found.

The material was assumed biaxial and represented by three Cauchy
dispersion formulas with parameters presented in Eq. (4.3). The Cauchy
parameters, A and B, are fitted for nx whereas for ny and nz only the A-
parameters are fitted as the B-parameters for ny and nz are correlated with
B for nx. Thus nx, ny and nz have the same dispersion and only differs
levels. The refractive indices are represented in Fig. 4.13.

nx(λ) = 1.41 + 0.012
λ2 (4.3a)

ny(λ) = 1.49 + 0.012
λ2 (4.3b)

nz(λ) = 1.52 + 0.012
λ2 (4.3c)

As discussed in section 3.3, the substrate in the model, has very low
influence on the fit. It is used as a dummy layer to which nx is coupled and
the substrate is thus described with Eq. (4.3a). A constant absorption was
included with a fitted parameter kamp = 0.0093 and a Band Edge equal to
400 nm (3.1 eV).

An MSE' 30 was obtained for this model which is a reasonable value
considering the complexity of the model. The fit quality can also be judged
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Figure 4.13: Refractive indices obtained by regression analysis using a graded
layer for the exocuticle of C. aurata.

by visually comparing the experimental and generated data. In Fig. 4.14
the m41 element of the Mueller matrix for the experimental and generated
data at 20◦, 40◦, 60◦ and 75◦ are compared.

Figure 4.14: Mueller matrix element m41 of the beetle C. aurata. Experimental
data at θ = 20◦, 40◦, 60◦ and 75◦ and best-fit data generated by the model.

The model is a very good approximation for angles up to 60◦ but fails
for larger angles. A complete overview of the fitting to all fifteen elements
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of the Mueller matrix is given in Fig. B.1 in Appendix B.
Another way to judge the quality of the model fit is by comparing [λ, θ]-

contour plots of the experimental (Fig. 4.15(a)) and generated (Fig. 4.15(b))
data. In these plots each of the fifteen elements of the Mueller-matrix is
presented as a function of the angle of incidence, θ ∈ [20◦, 75◦], and the
wavelength, λ ∈ [245, 1000]nm. The normalization m11=1 has been used.

In Fig. 4.15(a) we observe the narrow wavelength range in which light
is left-handed with near-circular polarization when reflected on this beetle.
Compared to Fig. 4.15(b) we can see that the generated data by the model
are very similar in all fifteen elements of the Mueller-matrix.

(a) Experimental data

(b) Generated data
Figure 4.15: Mueller-matrix [λ, θ]-contour plots for C. aurata showing the 15
Mueller matrix elements, λ ∈ [245, 1000]nm and θ ∈ [20◦, 75◦]. (a) measured exper-
imental data and (b) generated data.
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Chrysina gloriosa
The model used for C. gloriosa is very similar to that for C. aurata. A
regression fit to the measured data was performed according to the de-
scription in Chap. 3.3. A description of the model can be seen in Fig.
4.16.

Figure 4.16: Model for C. gloriosa described by two layers, a top biaxial layer
representing the epicuticle, a middle graded layer, representing the exocuticle and
a Cauchy substrate representing the endocuticle.

The thickness of the top layer, the epicuticle, is a fitted parameter equal
to 78.62 nm. This layer has the same characteristics as the top layer of the
C. aurata, is uniaxial and is represented by a Cauchy dispersion relation,
n = A+B/λ2, according to the following parameters,

nx,y(λ) = 1.27 + 0.0071
λ2 (4.4a)

nz(λ) = 1.36 + 0.0071
λ2 (4.4b)

where Eq. (4.4a) is the refractive index in the ordinary direction (x- and
y-directions) and Eq. (4.4b) is the refractive index in the extra-ordinary
direction (z-direction). The refractive indices are represented in Fig. 4.17.
The absorption was constant, γ = 0, in this case, with a fitted value k =
0.040.

Also in this case the exocuticle is modelled with a graded layer. The
thickness of this layer was fixed to 14000 nm and divided into 280 slices
and resulted in a fitted rotation around 38 turns by the parametric equation
(Eq. (3.5)). The variation in the number of turns has a smear width equal
to 7.9.

The material was set to be biaxial and represented by three Cauchy
dispersion relations in all three directions with parameters represented in
Eq. (4.5). The Cauchy parameters, A and B, are fitted for nx whereas
for ny and nz only the A-parameters are fitted as the B-parameters for ny
and nz are correlated with B for nx. Thus nx, ny and nz have the same
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dispersion and only differs levels. The value obtained for the refractive
index in the z-direction, Eq. (4.5c), is too large to be correct, the model
should be modified in order to obtain a more realistic value. The refractive
indices are represented in Fig. 4.18.

Figure 4.17: Generated refractive indices for the epicuticle layer of C. gloriosa.

nx(λ) = 1.48 + 0.0031
λ2 (4.5a)

ny(λ) = 1.81 + 0.0031
λ2 (4.5b)

nz(λ) = 2.48 + 0.0031
λ2 (4.5c)

As discussed in section 3.3, the substrate in the model, representing the
endocuticle, has a very low influence on the fit. It is used as a dummy layer
to which nx is coupled and the substrate is thus described with Eq. (4.5a).

In this layer a non-fitted absorption was included with the fitted pa-
rameters kamp = 0.18 and γ = 1.34. The parameter Band Edge was set to
400 nm (3.1 eV).

The Mean Square Error of this model is higher compared to C. aurata
and MSE' 122 is obtained. In Fig. 4.19 the m41 element of the Mueller
matrix is represented for the experimental and generated data at 20 and at
75◦. Despite the large MSE value, the generated parameters approach the
experimental data, although it was not possible to reproduce the oscilla-
tions. These oscillations are most probably due to interference effects over
the epicuticle and exocuticle. For a complete overview of the fitting to all
fifteen elements of the Mueller-matrix we refer to Fig. B.1 in Appendix B.
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Figure 4.18: Refractive indices obtained by regression analysis using a graded
layer for the exocuticle of C. gloriosa.

Figure 4.19: Mueller-matrix element m41 of the beetle C. gloriosa. Experimental
data at 20◦ and 75◦ and generated data by the model.

Experimental and generated data are also compared in Fig. 4.20(a)
and Fig. 4.20(b), respectively. Each of the fifteen elements of the Mueller
matrix is represented in [λ, θ]-contour plots as a function of the angle of
incidence, θ ∈ [20◦, 75◦], and the wavelength, λ ∈ [315, 1000]nm. The
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normalization m11=1 has been used.

(a) Experimental data

(b) Generated data
Figure 4.20: Mueller-matrix [λ, θ]-contour plots for C. gloriosa showing the 15
Mueller matrix elements, λ ∈ [245, 1000]nm and θ ∈ [20◦, 75◦]. (a) measured exper-
imental data and (b) generated data.

The m41 element in Fig. 4.20(a) shows the wide range for which light is
left-handed with near-circular polarization when reflected from this beetle.
The generated data by the model, shown in Fig. 4.20(b), approach the
experimental data but differ for some wavelength and angle ranges.

The models used for analysis of MMSE data from C. aurata and C.
gloriosa have a similar structure. The models have a top uniaxial layer
described by a Cauchy dispersion relation and an Urbach expression which
together describe the epicuticle. A graded biaxial layer divided into slices
and defined by a parametric equation to model the rotation of the optical
axis is used to describe the exocuticle.
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Summary and Future Work

In this master thesis the two beetles C. aurata and C. gloriosa have been
studied using: Scanning Electron Microscopy (SEM) and Mueller-matrix
Spectroscopic Ellipsometry (MMSE).

An observation of the beetles through right-handed and a left-handed
circular polarisers was conducted in an initial experiment. The fact that
light reflected from the beetles was transmitted through the left-handed
polarizer but not the right-handed, proves that both beetles reflect light
with left-handed circular polarization, which makes them appropriate for
this investigation.

SEM images show multilayered structures for both beetles. The sub-
layers lay parallel to the surface and their thickness increase gradually from
the surface towards the inner layers. In addition, a cusp-like structure is
observed for C. gloriosa. It is possible that each cusp matches one of the
polygonal cells observed on the surface of other scarab beetles. The fact
that any of the SEM images from C. aurata did not show the same cusp-like
structure does not mean that it does not exist in this beetle.

An improvement of the sample preparation technique is required to get
better images in order to being able to identify structural details including
the helicoidal structure, layer thicknesses and number of layers. Another
important investigation is to identify the structure of the gold and green
areas of C. gloriosa and see if any differences are observed. Other SEM
sample preparation techniques such as Focusing Ion Beam (FIB) or Critical
Point Dryer (CPD) may also be tested to prepare the samples.

From the ellipsometric analysis, it was observed that, in a narrow wave-
length range (500-600 nm), the light is left-handed and near-circular po-
larized when reflected on C. aurata. The same effect was observed on the
golden areas of C. gloriosa for a wider wavelength range (400-700 nm).

37
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Measurements performed on the green areas of this beetle showed very
small ellipticity so most of the reflected light on these areas is linearly
polarized.

Additional investigations have been carried out analysing C. aurata [17]
and C. gloriosa [21] giving similar results for different specimens of the same
species.

An upgrade of the system would allow us in the future to analyse smaller
spots on the surface of the sample. Imaging polarimetry is recommendable
in C. gloriosa due to the differences in polarizing properties of its cuticle.

The model created for the analysis of Mueller-matrix data on C. aurata
is a very good approximation for angles up to 60◦. Further development of
the model is needed to improve the model response for larger angles. The
model created for C. gloriosa has a similar structure as for C. aurata and
the generated parameters approach the experimental data but it was not
possible to reproduce the oscillations observed in the experimental data. In
this case the focus on future work should be on reproducing the oscillations
and getting more realistic refractive indices. It is worth to try adding more
layers or dividing the graded layer into vertical cuts with different directions
of the helicoid.

In conclusion we have found:

• SEM images of cuticles from C. aurata and C. gloriosa show layered
structures. C. gloriosa also shows a cusp-like structure.

• When illuminated with unpolarized light, C. aurata and the golden
areas of C. gloriosa reflect left-handed near-circular polarized light,
whereas the green areas of C. gloriosa reflects linearly polarized light.

• A structural model for analysis of Mueller-matrix data has been shown
to allow determination of structural and optical parameters when used
for angles up to 60◦ for C. aurata. For C. gloriosa this model could
be a good base for future development of a more physically correct
model.
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Appendix A

MMSE

Measurements done on a second specimen from the C. gloriosa (CG2)
species can be observed in Fig. A.1 and Fig. A.2. On the golden areas the
m41 plot shows left-handed close to circular polarization of reflected light.
A high degree of polarization can be also observed.

Figure A.1: Contour plots (λ, θ) of the scarab beetle C. gloriosa (CG2) measured
on a gold stripe showing the Mueller matrix element m41, the degree of polarization
P, the ellipticity e and the azimuth |α|, with λ ∈ [245, 1000]nm and θ ∈ [20◦, 75◦].

The green areas show again very low effect but with a slight tendency
to left- and right- handed polarization. The degree of polarization is still
very high although it decreases to almost zero for small angles.

41



42 MMSE

(a) Full Scale

(b) Max - Min Scale

Figure A.2: Contour plots (λ, θ) of the scarab beetle C. gloriosa (CG2) measured
on a green stripe showing the Mueller matrix elementm41, the degree of polarization
P, the ellipticity e and the azimuth |α|, with λ ∈ [245, 1000]nm and θ ∈ [20◦, 75◦].
(a) Using full scale, (b) rescaled to maximum and minimum values for the m41 and
ellipticity plots.
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To continue there is a third set of plots in Fig. A.3 and Fig. A.4 showing
results from another C. gloriosa (CG3). In this case any trace of right-
handed polarization on the golden areas has disappeared but otherwise the
right-handed polarization is even stronger than in previous cases.

Figure A.3: Contour plots (λ, θ) of the scarab beetle C. gloriosa (CG3) measured
on a golden area showing the Mueller matrix elementm41, the degree of polarization
P, the ellipticity e and the azimuth |α|, with λ ∈ [245, 1000]nm and θ ∈ [20◦, 75◦].



44 MMSE

(a) Full Scale

(b) Max - Min Scale

Figure A.4: Contour plots (λ, θ) of the scarab beetle C. gloriosa (CG3) measured
on a green stripe showing the Mueller matrix elementm41, the degree of polarization
P, the ellipticity e and the azimuth |α|, with λ ∈ [245, 1000]nm and θ ∈ [20◦, 75◦].
(a) Using full scale, (b) rescaled to maximum and minimum values for the m41 and
ellipticity plots.



Appendix B

Modelling

Fig. B.1 shows the Mueller-matrix for C. aurata showing the 15 Mueller ma-
trix elements with experimental data at 20◦ and 75◦ and model-generated
best fit data. The wavelength range is λ ∈ [245, 1000]nm.

Fig. B.2 shows the Mueller-matrix for C. gloriosa (CG1) showing the
15 Mueller matrix elements with experimental data at 20◦ and 75◦ and
model-generated best fit data. The wavelength range is λ ∈ [315, 1000]nm.
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46 Modelling

Figure B.1: Mueller-matrix for the beetle C. aurata.
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Figure B.2: Mueller-matrix for the beetle C. gloriosa.
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