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Sammanfattning 
Abstract 

In this work samples with silver nanocolumnar structures were successfully fabricated by glancing 

angle deposition. From SEM investigations of the samples it is concluded that distinct and 

separated nanocolumns can be grown without pre-patterned substrates using this method (given 

suitable deposition conditions). The sample that exhibits the most distinct and well separated 

columns was modelled using HFSS with optical properties of silver in nanocolumns obtained by 

measurements on the samples grown by glancing angle deposition, thin enough to not have 

developed columns. From numerical calculations it was shown that the unit cell arrangement of the 

columns has a large influence on the optical characteristics. It was found that a diamond-like unit 

cell designed as two identical square lattices shifted by half the lattice spacing in one direction and 

2-1/2 times the lattice spacing of the other direction gives the best and a fair agreement to the 

experimental ellipsometry data. Based on this model calculations were made to determine the 

wavelength dependent average local current exhibited in the columns as well as the current 

density. This study showed the occurrence of broadbanded plasmon resonances of longitudinal 

mode at λ=1363 nm and of transverse mode at λ=545 nm. It was also shown that the optical 

characteristics are strongly polarization dependent as is expected for such anisotropic samples. 
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In this work samples with silver nanocolumnar structures were successfully fabricated 

by glancing angle deposition. From SEM investigations of the samples it is concluded 

that distinct and separated nanocolumns can be grown without pre-patterned substrates 

using this method (given suitable deposition conditions). The sample that exhibits the 

most distinct and well separated columns was modelled using HFSS with optical 

properties of silver in nanocolumns obtained by measurements on the samples grown by 

glancing angle deposition, thin enough to not have developed columns. From numerical 

calculations it was shown that the unit cell arrangement of the columns has a large 

influence on the optical characteristics. It was found that a diamond-like unit cell 

designed as two identical square lattices shifted by half the lattice spacing in one 

direction and 2
-1/2

 times the lattice spacing of the other direction gives the best and a fair 

agreement to the experimental ellipsometry data. Based on this model calculations were 

made to determine the wavelength dependent average local current exhibited in the 

columns as well as the current density. This study showed the occurrence of 

broadbanded plasmon resonances of longitudinal mode at λ=1363 nm and of transverse 

mode at λ=545 nm. It was also shown that the optical characteristics are strongly 

polarization dependent as is expected for such anisotropic samples. 
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1. Introduction 

1.1 Background 

In the mid 60’s, V. G. Veselago proposed that materials may exhibit an optical negative 

refraction [1] (sometimes referred to as Veselago materials) under certain conditions 

(permittivity ε < 0 and permeability µ < 0). More recently the term metamaterial has 

been used to describe a material that exhibits similar optical properties as Veselago 

materials due to induced structuring. Owing to technical limitations and difficulties in 

fabricating nano-scaled structures, the earlier work in metamaterial was performed for 

applications in the GHz range. The first fully described metamaterial proposed 1999 

was the split ring resonator (µ < 0) [2], later realised and shown to exhibit negative 

refraction when associated with arrays of thin metallic wires (ε < 0) [3]. A different 

approach to metamaterials was done in 2003 when V.N. Kisel successfully realised 

metamaterials in the GHz-range by utilizing spiral-shaped structures [4]. This 

achievement gave an increased interest for making spiral-shaped material also for the 

optical regime. Simulations of the optical response for Au nanospirals have shown the 

possibility of obtaining permeability with a negative real part in the optical regime [5]. 

The drawback of these structures is that they have to be produced with techniques not 

suitable for large scale production. Another approach to fabricate nanostructured thin 

films that allows for large scale fabrications is physical vapour deposition at glancing 

angles. In a recent study, such thin films composed of chiral silver nanostructures were 

fabricated and experimentally and numerically investigated with regards to their optical 

properties [6]. It was shown that such films exhibit dimension-dependent resonances 

due to excitations of plasmonic modes. It has also been shown [7] that sculptured thin 

films with silver nanocolumnar structures may exhibit a negative refraction. 

1.2 Objectives of the work 

The aims of this work are to fabricate sculptured thin silver films with distinct and well 

separated nanocolumns by glancing angle deposition, to investigate the structural- and 

optical properties of the nanocolumns and to find suitable models to describe their 

optical characteristics.   
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2. Structural properties of sculptured thin films 

2.1 Thin film growth by glancing angle deposition 

Glancing angle deposition (GLAD) is a physical vapour deposition (PVD) method using 

a glancing angle (>70° from the surface normal) of the incident vapour flux. Since 

GLAD is a PVD-based method all materials possible to evaporate can be used as a 

source-material [8]. As described in this chapter, GLAD is a suitable method for growth 

of tailored self-assembled sculptured thin films. The density and the physical 

parameters such as shape, size and alignment of the structures can be controlled and 

three-dimensional (3D) complex nanostructures may be formed.  

The microstructure of thin films is strongly affected by surface and bulk diffusion. In a 

study performed by J. Thornton [9], he was able to expand the classical structure zone 

model (SZM) into several zones. In this model the relation between the melting 

temperature of a deposit, Tm, and the temperature of the substrate during deposition, Ts, 

and how it affects the microstructure due to the different types of diffusion occurring 

were studied. Five different zones were identified, which could be categorized in three 

domains where different effects dominate the microstructure obtained. 

Dominated by non-diffusional effects; 

 
  

  
    : Very low (almost none) surface diffusion occurs. Thin elongated 

amorphous structures will be formed which are growing in the direction of the 

incident flux. The boundaries between the structures will be separated by void. 

It was also found that the structures have a near bulk density even though 

complete film exhibits high porosity. 

Dominated by surface diffusion; 

     
  

  
    : Surface diffusion starts to appear and the microstructure will 

consist of densely packed fibrous grains only slightly separated (close to 

ordinary grain boundaries).  
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Dominated by bulk diffusion and recrystallization; 

     
  

  
    : Surface mobility is moderate and bulk diffusion starts to 

appear, leading to grain boundary migration and recrystallization. The 

microstructure contains columnar-like grains stretching from the substrate to the 

surface, separated by grain boundaries. 

     
  

  
     : High surface diffusion and moderate bulk diffusion leading to 

faceted surfaces and grain boundary separated structures. 

      
  

  
: Surface and bulk diffusion are so high that they lead to 

recrystallization and an equilibrium surface structure consisting of flat grains 

with grooved grain boundaries will be obtained. 

In the first zone where 
  

  
     the diffusion is so low that it can be assumed that an 

adatom will condense and stick to where it is deposited. It is in this growth regime 

GLAD is used. Since the vapour flux is not perfectly homogenous, stochastically 

increased deposition will occur at some positions. The increased deposition will give 

structures/nucleates higher than the average height of the film. If the incident angle of 

the vapour flux is high (glancing) it will lead to regions not being deposited in the 

direction of the incident flux, just as an object casts a shadow when the sun is close to 

the horizon.  

 

Figure 1: Overview of the shadowing effect. The evaporation time increases from a to c. 

This is commonly referred to as shadowing effect or ballistic shadowing. As the 

structures grow they will shadow a larger area, as shown in figure 1, and only the top of 

the close laying structures will be deposited giving a columnar like growth. This can 

also be seen as a type of competitive growth since structures that are so small that they 

become completely shadowed will receive no vapour flux and will be out-dominated by 

the larger structures. To obtain a distinct shadowing effect the vapour flux need to be 
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collimated. Therefore a suitable distance between the source and the substrate must be 

considered. 

With a fixed substrate the structures that grow will have a columnar geometry with a tilt 

towards the evaporation source [9], but the tilt angle is different from the angle of the 

incident vapour flux. It has been suggested that the reason for this difference in tilt angle 

for growth at 
  

  
     is due to an asymmetric deposition on the surface of the 

structures, arising from the shadowing induced by a neighbouring column [10]. In the 

study in [10] an empirical equation for the relation between the angle of the incident 

flux and the tilt angle of the columns was derived based on geometric analysis and 

ballistic calculations and was shown to be in a good agreement with both simulated and 

experimental growth. The equation obtained was; 

           (
         

 
) (1) 

where β is the tilt angle of the columns and α is the angle of the incident vapour flux 

(both referenced to the surface normal). From this equation it can be seen that the 

columns will grow in the direction of the surface normal at normal incidence and that 

the tilt angle always will be smaller than the angle of incidence of the vapour flux for 

α ≠ 0. Another characteristics of samples deposited at a glancing angle, which also 

arises due to the asymmetric deposition, are variations in the diameter of the columns 

which often is referred to as column broadening or second anisotropy. This broadening 

occurs due to that the shadowing only occurs in the direction of the vapour flux and that 

the columns can continue to grow in the lateral direction with increasing film thickness 

until they either chain with other columns or if the neighbouring columns are 

out-dominated by a larger column broadening [8], [10]. 

So far only a fixed position of the substrate has been considered. By turning the sample, 

while maintaining the incidence angle of the vapour flux during growth, the incidence 

direction of the vapour flux on to the sample will vary with time. This can be applied to 

grow nanocolumns aligned with the surface normal, nanospirals, multi-layered 

nanocolumns and to obtain different shapes of the structures [8], [11]. If discrete turning 

of the substrate is considered, chiral films with “arms” in varying directions may be 

formed. As described above, the microstructure depends on the shadowing and if the 

substrate is turned a too large angle in one step it is probable that the shadowing at the 
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new direction not only allows for deposition on the top of the structures, but also 

condensation that may occur along the side of the structures. This will continue until the 

structures have grown so the shadowing occurs everywhere except on the top of the 

structure again. Figure 2 presents a sketch of growth where the sample has been given 

three growth directions by a 90° rotation of the substrate at two different times during 

the deposition. 

 

Figure 2: Sketch over GLAD growth with discrete rotation of the substrate during deposition.  

There is no actual periodicity of the columns in a film grown on bare substrates since 

the positioning of the columns is stochastic. Due to the shadowing effect the spacing 

will be different along- and in the perpendicular direction of the columns and a “quasi-

periodic” topology arises [12]. This “quasi-periodicity” has the general characteristics 

of well separated structures in one direction and a lower separation in the perpendicular 

in-plane direction. An actual periodicity of the structures could be obtained by using 

non-planar substrates prepared with ordered growth sites (nucleation sites) [13]. 

2.2 Fabrication setup 

A GLAD setup at INSP using a resistance-heated evaporation source was used for 

fabrication of samples. The system (presented in figure 3) can be generalized into three 

interconnected parts; a mounting chamber (B), a deposition chamber (A) and an 

XPS system (C, not used in this work). Chambers B and C are kept under high vacuum 

(around 10
-9

 Torr). Chamber A is at a higher pressure (10
-8

 Torr) because of the need to 

regularly reload the evaporation sources. In chamber A, high vacuum is reached using a 

diaphragm pump (Alcatel) as fore-pump and a turbomolecular pump (Pfeiffer) as main 

pump. During mounting into chamber B, the atmospheric pressure is reached by an 

insert of nitrogen gas to lower the amount of contaminations in the chamber walls when 
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going from vacuum to atmospheric pressure and also to hasten desorption from the 

chamber walls when pumping (by minimizing water vapour adsorption). 

 

Figure 3: 3D generated image of the fabrication setup, where A - deposition chamber,  

B - mounting chamber and C - XPS system (not used in this work). 

The mounting chamber, marked as B in figure 3, is an ultra-high vacuum chamber that 

has storage for up to four samples. It has two transfer arms to enable transfer of samples 

to the deposition chamber and to the XPS system without disturbing the high vacuum in 

these chambers.  

The deposition chamber, marked as A in figure 3, is a high vacuum system and 

contains the most vital parts for the deposition: the evaporation source, the sample 

holder and the ion bombardment source. The sample holder is custom built to contain 

the abilities needed for fabricating complex sculptured thin films. It allows for 

controlled rotation in two directions to allow different angles of incidence of the vapour 

flux and from different directions (azimuths). To control the temperature of the 

substrate it has a pipe-loop leading to the backside of the substrate for liquid nitrogen 

cooling. The evaporation source is an electrical resistance-heated crucible containing 

the deposit material. The vapour flux is monitored by one quartz crystal microbalance 

(QCM), placed at the shutter over the crucible, monitored to set a suitable current to the 

B 
A 

C 
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crucible. It should be noted that the vapour flux is determined not as mass change per 

time unit but as the frequency change of the QCM per time unit (Hz/s). The distance 

between the crucible and the substrate is 160 mm. To remove possible contaminates on 

the surface of the substrate, argon ion bombardment is available in the deposition 

chamber. Removing contaminates was necessary not only due to the possibility of 

contaminations before mounting but also since the cooling of the substrates may induce 

a “cold finger effect” where contaminates in the chamber nucleates on the substrate due 

to lower temperature than the surroundings. 

2.3 Fabrication parameters 

Common for all fabricated samples was the use of one side polished silicon (001) 

substrates, with a 1 inch diameter and a thickness of 250 µm, from SILTRONIX and a 

silver source material of 99.99% purity from NEYCO. The temperature of the substrate 

during deposition was also kept the same during all depositions at 

around -150°C to -170°C, 
  

  
     . The deposition parameters of each of the six 

fabricated samples are shown in Table 1. All substrates were cleaned by argon ion 

bombardment prior to deposition. Sample 1 was fabricated as a thin layer at normal 

incidence for obtaining the optical properties of the silver used to compare to the 

properties of the other samples. Sample 2 was fabricated with a short evaporation time 

to study the initial nucleation stage and the beginning of columnar formation and to 

obtain the optical properties of nucleates. Samples 3-6 were fabricated to obtain 

sculptured thin films with a nanocolumnar structure.  

Table 1: Specification of deposition parameters. α is the incidence angle of the vapour flux, 

V is the vapour flux (observed at the shutter over the crucible), t is the time of deposition, TC 

is the temperature of the crucible and P the pressure of the deposition chamber. *During the 

deposition of sample 5 the source were depleted so the value is an estimation.  

Sample α (°) V (Hz/s) t (s) TC (°C) P (10
-7

 Torr) 

1 0 2.0 9000 1008-1009 2.2 

2 85 2.1-2.3 3000 1000-1003 2.1-2.2 

3 85 2 9000 1015 2.4 

4 85 1.0 14400 1000 2.3 

5 85 0.7* 13310 1032 2.2 

6 85 4-4.3 5400 1040 2.7 
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2.4 Structural characterization 

For structural characterization a GEMINI (Zeiss) scanning electron microscope (SEM) 

was used. To enable profile investigation of the samples, they were cut in half along the 

diameter, by inducing cracks with a diamond tip at the edge of each side and then 

applying some pressure at the edge to cleave it along the <110> (easy cleaving direction 

of Si (001)). This implies that the samples were orientated in the chamber so that 

growth occurred along these directions. The images obtained were analysed with regard 

to physical sizes with the software ImageJ (NIH). All measured sizes in this chapter are 

an estimated average. It was obtained by measuring the sizes from the SEM images at 

different positions along the cut edge and the top view images.    
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3. Optical properties of sculptured thin films 

3.1 General ellipsometry 

Ellipsometry is a technique where the change of light`s polarization state upon 

reflection (or transmission) of a sample is investigated. The polarization state is very 

sensitive to the properties of a surface layer, making it ideal to study thin films [14]. 

Another great advantage of this technique is that it in most cases can be conducted in 

ambient environment without any particular sample preparation. Since it utilizes 

ordinary light for probing, it is a non-destructive technique. Ellipsometry can give 

information about the optical properties, thickness, crystal orientation and porosity. 

3.1.1 Polarization state of light 

A plane wave of light can be described with an electric and magnetic field orthogonal to 

the propagation direction. If we assume a plane wave propagating in the z-direction in a 

Cartesian coordinate system, the electric field vector in the z-direction will be zero and 

a full description of the field can be formulated in a column vector form as; 

        [
|  | 

           

|  | 
           ] (2) 

where |  | and |  | are the modulus absolutes of the electric field in the x- and y-

direction respectively, q is the propagation constant, ω is the angular frequency and δx 

and δy are the phases at the origin at t=0. By omitting the z- and the t-dependence a 

more compact form is; 

   [
  

  
] (3) 

 where    |  | 
    and    |  | 

   . This vector is referred to as the Jones vector 

after its formulator R. C. Jones. A full derivation of equation 2 can be found in [14].  

If the two elements of        are completely correlated (δx – δy = constant) the light is 

referred to as totally polarized; if they are completely uncorrelated as unpolarized; and 

if a partly correlation can be found as partly polarized. In the case of totally polarized 

light, a description of the polarization state can be stated as shown by the polarization 

ellipse in figure 4.  
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Figure 4: Overview of parameters for description of the polarization state  

of light for a plane wave in the x-y referential.  

The azimuth, θ, is defined as the angle between the x-axis and the major semi-axes of 

the ellipse. The ellipticity is defined as 

          
 

 
 (4) 

where ε is the ellipticity angle, a and b are the lengths of the major- and minor semi-

axes as denoted in figure 4. If |a| = |b| the light is said to be circularly polarized. If the 

electric field vector rotates clockwise if viewing into the beam it is defined as right 

circularly polarized (e = 1) and vice versa as left circular polarized (e = -1). In the case 

where b = 0 the light is said to be linearly polarized. In all other cases (0 < b < a) it is 

said to be elliptically polarized. 

In experimental setups and for treating the case of interaction with a layer one usually 

defines the electric field vector in the two component directions of p and s where the 

p-direction is in the plane of incidence and orthogonal to the propagation direction and 

the s-direction is orthogonal to the plane of incidence. 

3.1.2 Spectroscopic ellipsometry 

In the p-s coordinate system the electric field, E, can be described in the Jones 

formulation by the two components    and    as shown in equation 3. Jones used a 2x2 

matrix to represent the relation between an incident (   ,    ) and a reflected field 

(   ,    )  upon an optical element, by the equation: 
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 [
   

   
]  (

      
      

) [
   

   
] (5) 

where the     represents the reflection coefficients of j- to i- polarized light.  

When treating optically isotropic samples, the Jones matrix is diagonal and the elements  

    =     = 0. In standard spectroscopic ellipsometry (SE), these kinds of samples are 

investigated and the complex-valued relation between incoming and reflected s- and p-

polarized light can be stated as 

   
   

   
 
   

   
 

  

  
         (6) 

where   and   are the so called ellipsometric angles.   

The ellipsometric angles are also related to the ellipse of polarization. From these 

parameters the ellipsometric angles can be found as 

      
        

        
 (7) 

                            (8) 

When treating anisotropic samples with a non-diagonal Jones matrix equation 6 is no 

longer sufficient. This gives a series of complex ratios with the different transfer 

polarizations. The following conventions will be used 

     
   

   
        

     (9) 

     
   

   
        

     (10) 

     
   

   
        

     (11) 

where (        , (         and (         are the generalized ellipsometric angles. In 

general the ellipsometric angles depend on the optical constants of the materials 

investigated, on the thickness of the layers in a stratified media, the angle of incidence 

etc. To derive coherent models it is preferable to combine measurements performed at 

different wavelengths and different angles of incidence.  
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3.2 Characterization 

Optical characterization was done using an ellipsometer of type VASE
®
 

(J.A. Woollam Co., Inc.) [15] equipped with focusing probes reducing the spot size to 

≈ 30 µm (depending on angle of incidence). The reference direction for the azimuth, 

azimuth 0°, was set by running measurements at 1-3 eV by 0.1 eV for angles of 

incidence 60° and finding the direction on the sample giving a minimum in 

cross-polarization, meaning the plane of incidence being the same as the plane of the 

columns. The azimuth was referenced as increasing with a counter-clockwise rotation 

when looking on the sample. The parameters used for optical characterization can be 

seen in Table 2. 

Table 2: Parameters of optical characterization with the VASE instruments. 
1
 and 

2
 connects 

azimuths investigated for a certain mode. In Mueller-matrix mode the first three rows of the 

Mueller-matrix can be obtained (details for Mueller-matrices can be found in appendix).  

Sample 
Spectral 

range (eV) 

Incidence 

angles  
Mode 

Focusing 

probes 

Azimuth 

(sample 

rotation) 

1 

0.75-6  

in steps of 

0.05 

50°-75°  

in steps of 

5° 

Isotropic + 

depolarization 
No X 

2 

0.75-6  

in steps of 

0.05 

25°-75°  

in steps of 

10° 

Mueller-matrix No 

2 directions, 

90° 

difference 

3 

0.75-6  

in steps of 

0.05 

25°-75°  

in steps of 

10° 

1
Anisotropy highly 

2
Mueller-matrix 

Yes 

1
0°, 45°, 90° 

2
0°, 180° 

4 

0.75-6  

in steps of 

0.05 

25°-75°  

in steps of 

10° 

1
Anisotropy highly 

2
Mueller-matrix 

Yes 

1
0°, 45°, 90° 

2
0°, 180° 

5 

0.75-6  

in steps of 

0.05 

25°-75°  

in steps of 

10° 

1
Anisotropy highly 

2
Mueller-matrix 

Yes 

1
0°, 45°, 90° 

2
0°, 180° 

6 

0.75-6  

in steps of 

0.05 

25°-75°  

in steps of 

10° 

1
Anisotropy highly 

2
Mueller-matrix 

Yes 

1
0°, 45°, 90° 

2
0°, 180° 
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3.3 Modelling and simulation 

The software WVASE (J.A. Woollam Co., Inc.) is the standard software for operation 

of the VASE instrument. It also features a model and calculation mode. To obtain 

information about the samples, such as optical constants, layered structures, thicknesses 

and porosity, WVASE was used with a model formulated after the sample structures. 

The model was realized by using the known structural parameters of the samples from 

SEM investigations and the fabrication detail as a starting point: to set initial materials, 

layer structures and thicknesses. Calculations of the optical response of the samples 

were then done and compared to the experimentally obtained response. The parameters 

were adjusted until a fair agreement between calculations and experiments were 

obtained. Included in the WVASE software is a regression feature to lower the mean 

square error between the calculated and experimental response by varying predefined 

fit-parameters. Such regression was done for the material/void ratio of the samples, the 

thickness of the layers and the optical constants. 

The optical properties of a material depend on the composition itself and the 

angular frequency ω of the electromagnetic wave. The optical properties can be 

described by the dielectric function ε(ω), 

                   (12) 

where       and       are the real- and imaginary part of     . Suitable optical 

properties for modeling of a sample can be chosen in several ways depending on the 

situation. For the most common materials there are library supplied properties, as in the 

case for silver in WVASE [16]. When the layer does not consist of a single material 

another approach than directly using library data must be made. If the layer consists of 

several materials, mixed optical properties can be used, for example according to the 

Maxwell-Garnett effective medium approximation presented below. If the optical 

properties of the materials used in the model are not available in the library files, new 

properties must be defined. This can be obtained by assigning the material optical 

properties by applying a model dispersion function. In this work two different models 

were used to describe the dielectric function of the sample material, a Lorentz oscillator 

to describe localized absorption such as interband transitions and a Drude model to 

describe the contribution of free electrons. The Lorentz model [14] is based on classical 

many-body oscillations where the harmonic electromagnetic field acts as a driving force 
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and excites the oscillations, a restoring force (atomic binding) and a dissipative force to 

describe the influence of collisions and lifetime broadening. This relation can be stated 

as 

        
  

       
  

      
         

  
   

  

      
         

 (13) 

where ωp is the plasma angular frequency of the collective electron oscillation, Γ the 

inverse of the life time and ωo the resonance frequency. In the Drude model free 

electrons are considered and thereby there is no restoring force and ω0 → 0 and it can be 

described as 

        
  

 

      
 (14) 

Two different modeling features were used to find a good description of the samples; 

the Maxwell-Garnett effective medium approximation (EMA) and a general oscillator 

model. EMA can be used to give an optical description of a composite of two or more 

materials. It is based on a model with spheres of one of the material with optical 

properties εA imbedded in spheres of a host material with optical properties εB and a 

volume fraction parameter 

    
  

  
 (15) 

where a is the radius of the inner sphere and b of the outer sphere [14]. A layer is 

defined by the optical parameters of its constituents, the volume fraction of each 

material and the layer thickness. The approximation becomes 

     
                 

                
 (16) 

Samples 1 and 2 were modeled with WVASE in this work. The models for both 

samples were assigned an optical semi-infinite silicon (tabulated at UNL, WVASE 

default material) substrate. For sample 1 a general oscillator model were used to define 

the properties of the layer on the substrate and for sample 2 an EMA model with a 

general oscillator and void as constituents were used. The oscillators representing the 

optical constants of the silver in respective samples were set by using the optical 

constants for silver from WVASE (default material [16]) as a starting point and 

assigning a Drude term and a Lorentz oscillation to find a good agreement. The Drude 
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term was then damped (Γ increased) to compensate for the differences from bulk 

properties, such as an increased scattering occurring in the layers. The EMA layer for 

sample 2 was set as shown in Chapter 3.2. 

HFSS (ANSYS) [17] is a finite element method based software for 3D electromagnetic 

field simulation. In this work, HFSS has been used to run calculations of the interaction 

of an electromagnetic wave at different azimuths of the sample and angle of incidences 

with 3D models of the fabricated samples. The models used were defined in a unit cell 

which were assigned periodic boundaries along its lateral sides (perpendicular to the 

substrate surface) and with an optically semi-infinite silicon substrate. All models were 

made with variable lengths, diameter, spacing and tilt angle of the columns. The data 

obtained from calculations were presented as tanΨ and cosΔ. Then, as a function of 

wavelength the localized average current (<I>) in the columns were computed by 

averaging the current density  obtained from the HFSS calculation for phases of 0°-175° 

over the volume of the structures. 

The influence of using different lattice basis of the columns was investigated. 

Calculations for azimuthal angles of 0°, 45° and 90° and incidence angles of 25°, 45° 

and 75° were made for all different lattices investigated. The lattices used were square 

(simplest), diamond-like (closer and shifted in one direction) and hexagonal (average 

distance to neighbouring columns are constant, ~isotropic) in two directions as 

illustrated in figure 5. The square lattice (figure 5a) was made with variable 

lattice-constants of the columns. The diamond-like lattice (figure 5b) can be seen as two 

identical square lattices shifted by half the y-spacing in the y-direction and 
 

√ 
 times the 

x-spacing in x-direction. The two hexagonal lattices (figure 5c and d) had a variable 

lattice constant and were orientated 90° to each other. The properties obtained by the 

SEM investigations were used as starting point for the physical parameters of the model 

of the columns, the lattice constants were fitted to obtain ≈25% volume fraction of 

columns. An example of a diamond like unit cell can be seen in figure 6. 
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Figure 5: Overview of the different columnar arrangements. a) square-, b) diamond-like-, c) 

hexagonal- and d) hexagonal 90° lattice (rotated 90° compared to hexagonal). For all lattices the 

tilting of columns is around the y-axis in the x-direction (the x, z-plane). The grey squares 

marked in the figures show how the basis of the unit cells were defined.     

Some simplifications of the real samples characteristics were done in the modelling. 

The real samples lack real periodicity, and even though they are quasi-periodic as they 

only show a short range order but not long range order, and exhibit local variations 

whereas the model uses a periodic unit cell. In the model the columns are modelled as 

cylinders with a constant diameter and with a half sphere on the top, whereas the real 

columns show a varying diameter and may have an elliptic crossection. There was also 

a wetting/nucleation layer seen in the SEM investigation of the samples (possibly 

percolated) which not was included in the model. Also there are some variations of the 

lengths, diameters, spacing and tilt not included in the model. 

 

Figure 6: The HFSS diamond-like unit cell.  

a) The boundary columns of one side, b) the centred columns added to include the shifted rows 

and c) the opposite boundary columns added to form a complete unit cell.  
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4. Results and discussion of structural properties 

4.1 Structural characterization of the samples 

Sample 1 

SEM investigations of sample 1 revealed a thin very porous layer with large voids in the 

film and at the surface. At higher magnifications small nucleates (radius ≈ 10 nm) could 

be seen covering the whole surface. The thickness of the film is approximately 140 nm, 

though determination of the precise thickness was difficult due to the film being folded 

at regions along the edge and also due to difficulties determining the distance from the 

edge of the sample to the film (as can be seen to differ in figure 7a). The sample does 

show the typical characteristics of a sample grown at 
  

  
     at normal incidence in 

the sense that it exhibits a high porosity. Thin elongated and slightly separated 

structures in the direction of the incident flux were expected, but could not be 

distinguished. The background to this difference from the expected structural 

characteristics was not investigated further in this work.  

Table 3: Growth parameters of sample 1. 

Sample α (°) V (Hz/s) t (s) TC (°C) P (10
-7

 Torr) 

1 0 2.0 9000 1008-1009 2.2 

 

Figure 7: SEM images of sample 1. a) overview the sample at edge, b) profile view of sample 

along cut edge. The thickness of the layer in figure b is not representative for the complete 

sample but gives a good view of the general characteristics. 
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Sample 2 

SEM investigations of sample 2 showed a growth stage before the formation of 

nanocolumns. The film seems to be percolated at this stage. Small bumps on the larger 

nucleates can be seen in figure 8b). These bumps are believed to be tendencies of 

columnar formation. In the regions between the large nucleates a large number of small 

clusters/nucleates with a diameter of around 3 nm could be seen (figure 8a).  

Table 4: Growth parameters of sample 2. 

Sample α (°) V (Hz/s) t (s) TC (°C) P (10
-7

 Torr) 

2 85 2.1-2.3 3000 1000-1003 2.1-2.2 

 

The initial growth appears to be occurring in a mesh-like arrangement with large 

regions of bare substrate (though covered with small independent clusters). No growth 

or shadowing direction could be distinguished from the images. The mesh-like 

structures (which may be percolation paths) on the surface may help the formation of 

separated columns since it offers a natural separation, since the regions in between the 

mesh quickly will be shadowed.  

 

 

Figure 8: SEM images of sample 2. a) overview of sample, b) Side view of sample.  

Note: The small particles can only be seen in high-resolution transcriptions of the printed 

version. 
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In figure 9 a deposition time dependent evolution of GLAD samples fabricated using 

similar conditions as for sample 2 can be seen. Sample 2 seems to be in the same stage 

as the sample shown in figure 9c). After a short deposition the adatoms have nucleated 

into spherical-like structures with mainly two different diameters. These nucleates then 

after a longer deposition time seem to start merging. This coalescence seems to appear 

until a mesh-like structure covers the surface of the sample and column formation starts. 

 

Figure 9: SEM images of samples with increasing deposition time [18]. 
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Sample 3 

Table 5: Growth parameters of sample 3. 

Sample α (°) V (Hz/s) t (s) TC (°C) P (10
-7

 Torr) 

3 85 2 9000 1015 2.4 

 

 

Figure 10: SEM images of sample 3.  

a) overview of sample at edge, b) profile view of sample along cut edge 

Investigations of sample 3 showed nanocolumnar structures covering the surface 

(figure 10).  The columns are well orientated in the direction of the incident vapour flux 

and individually free standing from each other. The separation between the columns is 

rather good in the growth direction but, even though separated, not so good in the 

perpendicular direction. The columns seem to have rather uniform length and diameter. 

The measured sizes can be seen in Table 6.  The structural properties of this sample 

correspond rather well to the desired structure. 

Table 6: Structural properties of sample 3. t is the thickness of the film, l the length of the 

columns, d the diameter of the columns, β the tilting angle of the columns referred to the surface 

normal, Salong is the separation between columns along the pointing direction of the columns,  

Sperp in the perpendicular direction and Vfr the volume fraction of columns/void. 

t (nm) l (nm) d (nm) β (°) Salong (nm) Sperp (nm) Vfr (%) 

130 230 40 60 150±50 40±10 ≈26 
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Sample 4 

Table 7: Growth parameters of sample 4. 

Sample α (°) V (Hz/s) t (s) TC (°C) P (10
-7

 Torr) 

4 85 1.0 14400 1000 2.3 

 

 

Figure 11: SEM images of sample 4.  

a) overview of sample at edge, b) profile view of sample along cut edge 

Investigations of sample 4 showed nanocolumnar-like structures covering the surface 

(figure 11).  The columns seem to be orientated in the direction of the incident vapour 

flux, but to what degree is hard to distinguish, making it difficult to determine the tilt 

angle. As can be seen in figure 11a) the separation between the columns in the 

perpendicular direction is rather poor and the columns merge with two or even more 

nearest columns at the top. The columns seem to have rather uniform length and 

diameter. The tilt angle varied between individual columns as can be seen in figure 11b) 

but is rather uniform. The measured sizes can be seen in Table 8. 

Table 8: Structural properties of sample 4. Table parameters as defined in Table 6. 

t (nm) l (nm) d (nm) β (°) Salong (nm) Sperp (nm) 

100 175 30 ≈60 200 --- 

 



24 

 

Sample 5 

Table 9: Growth parameters of sample 5. 

Sample α (°) V (Hz/s) t (s) TC (°C) P (10
-7

 Torr) 

5 85 0.7* 13310 1032 2.2 

 

Figure 12: SEM images of sample 5.  

a) overview of sample at edge, b) profile view of sample along cut edge 

Investigations of sample 5 show nanocolumnar structure covering the surface 

(figure 12).  The columns seem to be orientated in the direction of the incident vapour 

flux. As can be seen in figure 12a) the separation between the columns in the direction 

perpendicular to the vapour flux is rather poor and merging occurred at the top of the 

columns between neighbouring columns. The columns seem to have rather uniform 

length and diameter. The measured sizes can be seen in Table 10. 

Table 10: Structural properties of sample 5. Table parameters as defined in Table 6. 

t (nm) l (nm) d (nm) β (°) Salong (nm) Sperp (nm) 

85 125 25 60 160 --- 
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Sample 6 

Table 11: Growth parameters of sample 6. 

Sample α (°) V (Hz/s) t (s) TC (°C) P (10
-7

 Torr) 

6 85 4-4.3 5400 1040 2.7 

 

Figure 13: SEM images of sample 6.  

a) overview of sample at edge, b) Side view of sample along cut edge 

Sample 6 barely showed a nanocolumnar structure as can be seen in figure 13, but rather 

pointy flakes in the direction of the incident vapour flux. No obvious separation 

between the flakes in the perpendicular direction can be seen. The poorer separation 

may originate from a higher surface diffusion occurring, due to the increased deposition 

rate transferring a higher energy to the surface at condensation. The tilt angle of the 

flakes appeared rather uniform as can be seen in figure 13b). The measured sizes can be 

seen in Table 12. 

Table 12: Structural properties of sample 6. Table parameters as defined in Table 6. 

t (nm) l (nm) d (nm) β (°) Salong (nm) Sperp (nm) 

120 250 50 60 200 --- 
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4.2 Summary of structural properties 

The influence of three different growth conditions were studied: (A) influence of normal 

or glancing angle of the vapour flux, (B) influence of deposition time at a constant 

growth rate and (C) influence of using different growth rates but approximately the 

same amount of deposit material (approximately constant thickness). 

(A) Samples 1 and 3 were fabricated using the same deposition time and growth rate but 

at normal and glancing incidence angle, respectively. A large impact on the 

microstructure could be seen where sample 1 (normal incidence) showed non-orientated 

porous characteristics whereas sample 3 (glancing incidence) showed orientated, 

distinct and well separated columns. These differences clearly show the effect on 

microstructure when introducing ballistic shadowing by depositing at a glancing angle. 

(B) From samples 2 and 3 the influence of deposition time at a constant growth rate can 

be seen. After short deposition time sample 2 had a mesh-like structure covering the 

whole surface (probably due to percolation). After a longer deposition time the 

stochastic behaviour of the flux induced local variations in the sizes of the nucleates, 

which could be seen as bumps on the mesh-like structures, and the shadowing effect 

starts to occur leading to initial growth of columns. After longer deposition time the 

effects of the shadowing are pronounced and clear columns could be seen (sample 3).  

(C) Samples 3, 4 and 6 were deposited with the same incidence angle and amount of 

deposit material but at different growth rates (approximately constant film thickness). It 

is seen that the spatial separation in the perpendicular direction of the columns 

orientation was effected by the growth rate leading to merging amongst neighbouring 

columns. Also, an increased diameter with increased growth rate was observed, 

indicating a correlation between growth rate and diameter. 

A tail-like base from which the columns grow could be seen for all columnar samples. 

These tails may be the mesh-like structures seen in sample 2, from which the columns 

were suspected to grow. The overall structure was as what would be expected from 

growth with these parameters, though no column broadening could be seen. Instead it 

appeared like the diameter of the columns varied around a fixed value (figure 14). It 

appears like the columns are grown as if several spheres or ellipsoids were merged 

together and that the smaller crossection is the merging region. No explanations of this 

behaviour were found in literature nor found during this work.  
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Figure 14: a) SEM image of column on sample 3 

b) schematics of the crossection of columns. 

When comparing the structural properties of samples 3-6 it can be seen that sample 3 

was the one which showed the best agreement to what was intended, i.e. well defined 

and separated nanocolumns. From sample 2 it could be expected that a good separation 

was possible even for substrates without any pre-pattering since the structures on which 

the columns grow are well separated, which also was confirmed by sample 3. It is 

suspected that columns in samples 4-6 are less well separated due to diffusional effects. 

From equation 1, the expected columnar tilt for vapour flux incident at around 85° 

should be around 30°, which also was shown to be the case for all columnar samples. It 

should be noted that the tilt angles of samples 4-6 were varying between individual 

columns, but this may have been due to disturbance of the film during cleaving since it 

is a very thin layer with columns of a small diameter. 
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5. Results and discussion of optical properties 

The optical properties of samples 1 and 2 were investigated and modelled with the 

WVASE software as presented in Chapter 3.4. These samples were chosen for 

investigation to show how the optical constants varied depending on incidence angle of 

the vapour flux and how they differ from bulk silver and also to find suitable parameters 

to use as input for further modelling and investigations. To find a good effective model 

for the columnar samples an EMA should be defined, but due to the occurrence of 

multiple resonances and coupling between the structures in the sample a good model 

was hard to obtain. It has been shown that columnar samples may exhibit 

non-orthogonal optical axes [19] and may also exhibit a varying permeability [7]. Due 

to difficulties finding a WVASE model with fair agreement the columnar sample 3 were 

chosen to be modelled using HFSS.  

5.1 Optical constants obtained by spectroscopic ellipsometry 

The best model for sample 1 was obtained by modelling the optical constants of the 

layer using a general oscillator and using the optical constants of bulk crystalline Si as 

substrate. A thickness of 138 nm was set for the layer based on the SEM investigations 

(Ch.2.5). It was also found that the behaviour of the free electrons could be modelled by 

changing the damping Г of the Drude term compared to the default silver data [16]. 

Lorentz oscillators were assigned for interband transitions and also oscillators for the 

plasmon resonances. As can be seen in figure 15, a fair agreement between the 

experimental and calculated data was obtained.  

Sample 2 was modelled by placing an EMA layer, mixing of a general oscillator and of 

void. By minimizing the mean square error between the calculations and experiments a 

thickness of 21.7 nm for the silver layer with a 35.8% void ratio was found to give the 

best agreement, which corresponds well to what was found by SEM investigations (Ch. 

2.4). It was also found that the behaviour of the free electrons could be modelled by 

changing the damping Г of the Drude term compared to the default silver data [16]. As 

can be seen in figure 16 good agreement between the experimental and calculated data 

was obtained. The WVASE models are shown in appendix A. 
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Figure 15: tanΨ (a) and cosΔ (b) of experimentally obtained (green lines) and  

model simulated (red dotted line) data for sample 1. The angles were 50°-75° in steps of 5°. 

 

Figure 16: tanΨ (a) and cosΔ (b) of experimentally obtained (green lines) and  

model simulated (red dotted line) data for sample 2. The angles were 25°-75° in steps of 10°. 

 

Figure 17: ε1 and ε2 obtained from WVASE model of sample 1 (blue) and sample 2 (green) 

compared to bulk silver (red) described as an oscillator fit to data from Palik I [16]. 

A comparison between the optical properties for silver obtained from the models for 

sample 1 and 2 to those of bulk silver (J.A. Woollam fit to Palik I [16]) is shown in 

figure 17. It is seen that the properties of the sample deposited at normal incidence 
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(sample 1) with an increase of damping of the Drude term by a factor 3 showed very 

similar characteristics to bulk silver, whereas the properties of the sample deposited at a 

glancing angle (sample 2) with a damping of the Drude term by a factor 10 differed. It 

was expected that the silver in the columns should differ from that of bulk silver due to 

a higher degree of scattering of electrons. Similar optical parameters as was found for 

sample 2 have previously been used as material parameters for HFSS modelling of 

sculptured thin silver films [11]. The optical properties obtained from the WVASE 

model of sample 2 were therefore chosen to be used in the HFSS calculations. 

5.2 Influence of column arrangement analysed by HFSS 

It was suspected that arranging the columns in different ways in the unit cells may affect 

the optical response due to that different types of coupling may occur. A study of 

different column arrangements was therefore performed. HFSS was used to calculate 

the response of the different lattices investigated, using the parameters in Table 13 and 

the optical properties obtained from the WVASE model for sample 2. Only the 

calculations for azimuth 0° is shown but the same study was made for azimuths 45° and 

90° for       ,       ,       ,       ,        and        from which the same 

conclusions can be drawn. 

Table 13: Parameters used in the HFSS models. The length is the distance from the centre at the 

substrate to the top of the columns and the diameter is the diameter of the columns. Tilt angle is 

referenced to the surface normal and concentration is the ratio of the volume of columns in the 

unit cell and the volume of the unit cell.  

Length (nm) Diameter (nm) Tilt (°) Concentration (%) 

230 30 60 ≈25 
 

As can be seen in figures 18 and 19, the choice of lattice has a large influence on the 

optical response. As stated in Chapter 2.1 the position of the columns are stochastic so 

there is no actual lattice-basis. As the study shows that the diamond-like structure 

agrees rather well with the experimentally obtained data, it was therefore chosen as a 

base-lattice for closer studies. It is not surprising that the best agreement was found for 

this lattice, since the structural characterisation of the samples shows that the separation 

in the lateral direction is rather good, whereas in the perpendicular direction it is rather 

small.  
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Figure 18: Experimental and calculated tanΨpp at azimuth 0°.  

a) experimental data and calculated for b) diamond-like lattice, c) hexagonal 90° lattice and  

d) square lattice. Incidence angles 25° (red line), 45° (Green line) and 75° (blue line). 

 

Figure 19: Experimental and calculated cosΔpp at azimuth 0°.  

a) experimental data and calculated for b) diamond-like lattice, c) hexagonal 90° lattice and  

d) square lattice. Incidence angles 25° (red line), 45° (Green line) and 75° (blue line). 
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5.3 Comparison between calculations and experimental data 

Here, a comparison between the calculated data for the diamond-like lattice and the 

experimental data for azimuth 45° and azimuth 90° for sample 3 are discussed.  

 

Figure 20: Comparison between calculated and experimental tanΨpp, tanΨps and tanΨsp at  

azimuth 45°. Incidence angles 25° (red line), 45° (Green line) and 75° (blue line). 

 

 

Figure 21: Comparison between calculated and experimental cosΔpp, cosΔps and cosΔsp at  

azimuth 45°. Incidence angles 25° (red line), 45° (Green line) and 75° (blue line). 
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Figure 22: Comparison between calculated and experimental tanΨpp, tanΨps and tanΨsp at  

azimuth 90°. Incidence angles 25° (red line), 45° (Green line) and 75° (blue line). 

 

 

Figure 23: Comparison between calculated and experimental cosΔpp, cosΔps and cosΔsp at  

azimuth 90°. Incidence angles 25° (red line), 45° (Green line) and 75° (blue line). 
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The calculated        and        can rather well reproduce the experimental data at 

all azimuths, whereas the calculated       ,       ,        and        show various 

agreement. For azimuth 90° there is a fair agreement, except for the ps-parameters in 

the range 700-800 nm where a peak/dip can be seen. At azimuth 45° the agreement for 

the ps-parameters is poor, especially for       . Also the sp-parameters show a rather 

poor agreement at this angle. Generally it can be seen that the resonances should be 

shifted towards shorter wavelengths and that the amplitudes for some parameters are 

rather strong in the calculated case compared to the experimental, especially further into 

the IR. 

Strong peaks can be seen in the calculated        at azimuth 45° and        at azimuth 

90° which are not seen in the experimental data. In the first case rss goes too fast 

towards 0 and the same for rpp in the other case. It is believed to be due to 

simplifications made for the calculations. One cause may be the possibly percolated 

layer observed for sample 2, which may be a conducting layer which not was modelled 

in HFSS. The rather poor agreement seen for azimuth 45° may originate from a 

coupling occurring due to an alignment of the columns assumed in the model which 

may not be the case for the actual samples. 

Considering the overall agreement in spite of the simplifications made, it is concluded 

that the diamond-like model rather well can reproduce the properties of sample 3. 
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5.4 Current distribution in the columns 

The localized average current over phases 0°-175° as well as the current density in the 

columns induced by incident light were calculated using the diamond-like model. 

Calculations were performed at azimuth 0° for p- and s-polarized light incident at an 

angle of 25° along the positive x-direction (along the columns).  

 

 

Figure 24: Average localized current in the columns calculated with the HFSS model for phases 

0°-175° at azimuth 0° and angle of incidence 25° for a) p-polarization and b) s-polarization. 

 

 

 

Figure 25: Calculated current density in the columns for a diamond lattice,  

for p-polarization at 1363 nm. 
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Figure 26: Calculated current density in the columns for a diamond lattice, 

 for s-polarization at 545 nm at two different viewing angles  

The localized average current in the columns for interaction with p-polarized light 

(figure 24a) shows one main broad peak near λ=1363 nm and two shoulders at 

λ=698 nm and at λ=492 nm. Calculations of the current density in the columns at 

λ=1363 nm revealed a main excitation of the columns located at the edge of the unit 

cell. The localized average current in the columns for interaction with s-polarized light 

(figure 24b) shows one main broad peak near λ=545 nm with a shoulder at λ=655 nm. 

Also a smaller peak at λ=422 nm and a weak shoulder at λ=375 nm can be seen. A 

strong coupling between the neighbouring columns could be observed, especially for 

the case with s-polarized light (as can be seen in figure 26). 

In the case of s-polarized light, due to that the unit cell was defined in such a way that 

the E-field is perpendicular to the columns in the propagation direction along the x-axis, 

only a transverse mode (TM) is expected. Such a plasmon resonance could be seen at 

λ=545 nm and was confirmed to correspond to a transverse mode (TM) by the current 

density investigation. For p-polarized light, since the angle of incident for light differed 

from the tilt angle of the columns, there was an E-field both in the direction along the 

columns and perpendicular to them. This should allow for an excitation of both a TM 

and a longitudinal mode (LM). The broadbanded plasmon resonance that can be seen at 
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around λ=1363 nm and was shown by the current density investigation to correspond to 

a LM. The small shoulder that can be seen near λ=545 nm may have been induced by 

the perpendicular component of the E-field as TM, even though this could not be 

determined by the current density investigation due to a strong dominance from the 

broadbanded LM.   

As can be seen in figure 24a and b, there is an obvious polarization dependence, as is 

expected from the anisotropy of the model (also seen in the structural investigation). In 

both cases coupling between the neighbouring columns can be seen. It is believed that 

this coupling may be the main reason why such differences were found between the 

calculations with the base-lattices used and measurements.   
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6. Conclusions 

 It is concluded that distinct and separated nanocolumns can be grown without 

pre-patterned substrates using GLAD given suitable deposition conditions. 

 The unit cell arrangement of the columns has a large influence on the optical 

characteristics.  

 A diamond-like unit cell designed as two identical square lattices shifted by half 

the lattice spacing in one direction and 2
-1/2

 times the lattice spacing in the other 

direction best represents the fabricated samples. 

 This study showed the occurrence of broadbanded plasmon resonances with a 

longitudinal mode at λ=1363 nm and a transverse mode at λ=545 nm.  

 The optical characteristics are strongly polarization dependent as is expected 

from such anisotropic samples. 
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7. Additional preliminary results and prospects 

7.1 Nanospirals 

Samples with silver nanospirals exhibit interesting optical properties and it may be 

possible to use such samples for realisation of metamaterials at optical frequencies [6]. 

Sample 7 was grown with a geometry as shown in figure 27 with the growth parameters 

and conditions specified in Tables 14 and 15. The growth was made with three different 

main directions of the incident vapour flux, separated by 90° turns of the substrate. The 

90° turns was separated into three sub turns to achieve a smooth transition and to avoid 

deposition along the sides of the columns. The directions a-g indicated in figure 27 are 

the growth directions towards the evaporation source. 

Table 14: Growth parameters of sample 7. 

Sample α (°) V (Hz/s) t (s) TC (°C) P (10
-7

 Torr) 

7* 85 2.1 9000 1002 2.2 

* see special growth conditions in Table 15. 

Table 15: Growth conditions for sample 7. 

Growth 

Direction 
a b c d e f g 

Time of deposition 1h45min 15min 15min 1h30min 15min 15min 1h45min 

Turn from prev. 

dir. 
30° 30° 30° 30° 30° 30° --- 

    

 

Figure 27: Top view of growth plan of sample 7 
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SEM investigations of sample 7 showed three-armed nanospiral structures covering the 

surface. In figure 28 SEM images of the sample can be seen. An example of the 

direction of the arms is indicated by red lines. It appeared that some close laying 

structures had merged during the growth resulting in thick non-distinct structures. The 

thickness of the nanospiral film was approximately 300 nm and the diameter, though 

hard to determine due to variations and merging with neighbouring structures, was 

around 50 nm. The growth was not made along the easy cleaving direction so the length 

and tilt of each arm could not be determined due to unknown actual direction of the 

arms in the images. An interesting observation that can be made from figure 28b) is the 

small structures on the substrate that has been out-dominated through the shadowing 

effect. 

 

Figure 28: SEM images of sample 7.  

a) overview at 70° tilt, b) profile view of sample along cut edge 

Further investigations similar to those made for sample 3 are suggested for sample 7. 

Also a fabrication study to obtain more well defined nanospirals. 

7.2 Recrystallization of columns 

Initial studies were made on the possibility of heat-treating columnar samples to enable 

recrystallization of the columns to obtain more bulk-like optical properties. A dilemma 

with such an annealing is using a suitable temperature without a collapse of the 

structures. This may be solved by surrounding the columns with a supporting matrix. 

Based on this, experiments were made where nanocolumnar films were spin-coated with 

a solution containing tetraetyloxysilane, Si(OC2H5)4 (TEOS). The base TEOS solution 

used is specified in Table 16. 
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Table 16: Solution used for spin-coating of columnar samples. *Diluted H2SO4. 

TEOS 10 ml 

Ethanol 7.8 ml 

Water pH 2* 3.2 ml 

 

Spin-coating was made at 2000 rpm for 120 s with 1ml of solution for all samples. The 

base solution was diluted with ethanol to tailor the thickness of the coating. After 

coating, the samples were annealed at 120°C during 5 min to form a dense and 

reticulated silica matrix and to evaporate the water formed from the hydrolyses. Bare 

silicon substrates were spin-coated with different TEOS solutions of different dilution 

and investigated and modelled with ellipsometry to find the thickness of the coatings 

after annealing as presented in Table 17.  

Table 17: The thickness obtained of coatings on bare Si-substrates using different TEOS 

dilution (TEOS base solution- to ethanol volume).  

Dilution Thickness 

1/4 138 nm 

1/6 110 nm 

1/8 70 nm 

 

Samples 3 and 4 were coated so the dilution of 1/6 was found to be suitable for these 

samples since the thickness would allow for a complete coverage of the samples without 

excessive thickness. SEM investigations of the coated samples showed a complete 

coverage of the columns and also that the matrix was going throughout the film and 

surrounding the columns. At some positions were the columns had been “ripped” out 

from the edge due to the cleaving, an empty space formed as columns could be seen, 

indicating that the columns are fully contained in the silica matrix (figure 29). 
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Figure 29: SEM image of sample 3 after TEOS coating. 

As it seems possible to achieve full containment of the columns, a study of the change 

in the optical characteristics of the columns using different annealing temperatures and 

different durations, is suggested.  

7.3 Expansion of this project 

In this work only a brief investigations of the influence of the parameters used in the 

HFSS model was done. Doing a parametric study with regards to diameter, lengths, 

spatial separation and different volume fraction may give general characteristics that 

can be used to tailor an initial model to find a good agreement with experimental data 

and to find parameter setups giving interesting optical effects. No attempt was made to 

model the nanospirals, but such studies would be of high interest. Due to the high 

influence of the lattice-basis used in the unit cell it would be interesting to study several 

more lattices and also to combine the results from several different lattices to mimic the 

variation in the samples.   

It would also be of high interest to fabricate more nanospiral samples, by both discrete 

and continuous rotation and to try to find the microstructural influence of the deposition 

parameters. For some of the samples fabricated in this work it was found that the 

separation in the perpendicular direction of the columns was rather poor or even with 

merging occurring. Studies of fabrication with pre-patterned substrates would be 

interesting to enable a controlled spacing and also to try the influence of having a 

periodic arrangement of the structures.   
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Appendix A 

 

Mueller matrix spectroscopic ellipsometry 

In Mueller-matrix ellipsometry a full description of light interaction with a sample for a 

general state of polarized light can be found, including fully and partly as well as unpolarized 

states. Hence depolarizing samples can be studied compared to ellipsometry based on the 

Jones formulation which only can handle polarized light. 

A Mueller matrix describes the relation between the incident and reflected (or transmitted) 

light described by their Stokes vectors. Stoke described the state of light by four real values as 

elements of a vector and based upon measuring irradiances. The vector is defined as; 
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 (1) 

where Ix, Iy, I+45° and I-45° are the irradiances of linear polarizations in the x-, y-,  +45°- and -

45° directions and Ir and Il  the irradiances of right- and left-handed circular polarizations, 

respectively. In most cases, as also will be used in this work, the Stokes vector is normalized 

by the total irradiance, Ix + Iy, giving all Stokes elements in the range [-1 1]. For totally 

unpolarized light with a normalized Stokes vector it follows from equation 1 that: 

                 (2) 

and for totally polarized light it holds that: 
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From equation 2 and 3 a description of the degree of polarization can be found by; 
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where P = 1 is completely polarized light and P = 0 is unpolarized light. As described in 

Chapter 3.1.1 the ellipticity is often used for describing the polarization state. If using the 

Stokes vector it can be found by the relation: 
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Light interaction with an optical element can be described with a Mueller matrix operator. 

The Mueller matrix has 16 real-valued elements matrix that relate the incident and emerging 

light by; 

   ̅      ̅ (6) 
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The principle of an investigation of a sample is shown in figure 1. 

 

Figure 1: Principle of Mueller matrix ellipsometry.   ̅ and   ̅̅ ̅ represent the incoming and emerging 

light, respectively, M is the Mueller matrix describing the sample and PSG and PSD are the 

polarization state generator and polarization state detector, respectively.  

With the ellipsometer RC2 (J. A. Woollam Co., Inc.) samples 3 and 4 were investigated 

without focusing probes in the range 245-1000nm at angles of incidence of 20°-70° by 5° for 

azimuths 0°-360° by 5° in Mueller-matrix mode. The reference direction for the azimuth, 

azimuth 0°, was set by finding the direction on the sample giving a minimum in transfer 

polarization, meaning the plane of incidence being the same as the plane of the columns. In 

figure 2 the Mueller-Matrix elements obtained by experiments as defined above are shown. 
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Figure 2: Mueller-matrix elements of sample 3 at azimuths 0° and 45°. 

 

 

 



 

 

 

 

Figure 3: Mueller-matrix elements of sample 3 at azimuths 90° and 180°. 

 



WVASE models for samples 1 and 2 

The WVASE models for samples 1 and 2 used to describe the experimentally obtained 

ellipsometry data are shown in figures 4 and 5. 

 

Figure 4: Overview of WVASE model for sample 1. a) SEM profile view b) WVASE model 

 

 

Figure 5: Overview of WVASE model for sample 2. a) SEM overview b) WVASE model 

 

 

 

 

 

 


