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Recent developments of nanostructured coatings have reached a point where extensive investigations within
multi-layer systems are necessary for further implementation in novel photonic systems. Although sculptured
thin films are explored for decades, no optical and structural measurements have been performed for anisotropic
nanostructured multi-layer coatings with different deposition conditions of the dense layer. In this paper, we
present extensive morphological analysis on silica nanostructured anisotropic films. Changing the deposition
angle from 66° to 84°, indicate the changes in surface filling from 84% to 57%, respectively, while phase
retardance has a maximal value of 0.032°/nm at 70° and 72° angles. We also present the investigation of
covering such structures with the dense layer at different conditions. As a result, the technology for maintaining
initial anisotropic properties is developed for extending spectral difference 1.6 times and phase retardation by
5% in anisotropic multi-layer coatings. Furthermore, we present simulations of growing silica layer using
experimental conditions in the Virtual Coater framework resulting in virtual anisotropic films for comparison
with measurements. The minimal impact on the anisotropy of porous layer is reached with the deposition of
dense layer at 30° angle during constant substrate rotation.

Effective refractive index
Surface filling
Molecular dynamics

1. Introduction

Advancements in nano-engineered coatings have extended the ap-
plications of thin films in virtually every topic. Telecommunications
have benefitted from bottom-up surface modification techniques in
many aspects [1]. Photovoltaics partly became the science of thin films
and surface modification methods [2]. Optics and photonics also have
their significant share in the usage of thin film technologies, mostly in
optical coatings applications [3].

The GLancing Angle Deposition method (GLAD), which has been
under constant development for more than 30 years, introduced the
flexibility in thin films morphology. Based on self-shadowing effects,
GLAD is capable to form nano-engineered coatings with slanted or
vertical columnar, zig-zag [4], chiral [5,6], etc. nano-structures.
Together with morphological changes, the characteristics of the films
(optical properties, porosity, etc.) are also affected and used in devel-
oping advanced elements. A main example would be optical coatings,
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where the effective refractive index and even its birefringence can be
controlled by changing the orientation of the substrate with regards to
the vapor flux. Such developments have led to new types of optical
components, e.g. coating-based waveplates [7,8], advanced anti-
reflection coatings [9,10], Bragg mirrors with selectivity of circular
polarization [11], polarization-active Bragg microcavities acting as
wavelength retarders [12], etc. Combination of such nano-structures
with liquid infiltration even allowed the development of switchable
radial polarization converters based on sculptured thin films [13,14].
Recently, GLAD technology has been extended by combining nano-
structured layers with dense thin films, resulting in even more com-
plex multi-layer coatings. Changing the orientation of the substrate and
the porosity, as a result, allows to obtain discrete layers with different
optical properties using the same raw material. Major examples have
been published during the last several years: all-silica anti-reflection
coatings [9,10], mirrors [15], and waveplates [10,16]. All three com-
ponents have demonstrated their extreme resistivity to laser radiation.
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Despite the advanced properties of all-silica multi-layer coatings, new
issues have appeared within the GLAD method. During the deposition of
porous/dense layers, structural inhomogeneities lead to spectral errors
and limitations for complex coating designs. This paper addresses these
issues by extensively investigating 2-layer systems of silica formed by
GLAD: Firstly, a nanostructured anisotropic layer, and secondly, this
same layer with a dense layer on top. A modified sequence in the for-
mation of multi-layer anisotropic coatings is presented.

The paper is divided as follows: section 2 describes experimental
materials and methods; section 3 describes the results of detailed in-
vestigations of single- and multi-layer anisotropic layers; section 4 de-
scribes theoretical simulations of 2-layer systems and offers an
interpretation of the interface evolution.

2. Materials and methods

An electron beam evaporation technique (“SIDRABE”, Latvia) was
used for all silica thin films deposition processes. Fused silica (FS)
glasses with a diameter of 25.4 mm and Si plates were used as substrates.
SiO4 granules (Umicore) were used as evaporation source in each pro-
cess. The distance between substrate and evaporation source is 34 cm.
During the process, the layer growth rate was controlled with a crystal
quartz monitor and maintained at 3 Ass. Depositions were started at
room temperature in a vacuum chamber at the pressure of 1.5 x 107 Pa.
During the evaporation process, 2 sccm (the partial pressure of 2:10
mbar) of oxygen gas was introduced into the chamber to ensure the
oxidation of any non-oxidised particles in vapor flux.

A birefringent layer is obtained using one particular GLAD method —
serial bi-deposition (SBD) [17]. During this process, the substrate was
set at an oblique angle y and rotated in half-turns (axial rotation o)
around the surface normal without stopping the deposition process. The
constant time period of half turns (« = 180°) was induced in order to
form structures, similar to chevrons, with 1-2 nm thickness sub-deposits
(see Fig. 1). In this investigation, samples were coated by setting the
angle y to 66, 70, 72, 74, 76, 78, 80, and 84°and also various 2-layers,
and 6-layer structures were fabricated and analyzed in detail by scan-
ning electron microscopy (SEM), spectrophotometry and ellipsometry.

Transmission and phase delay difference between two perpendicular
linear polarizations, namely in the shadowing plane (fast axis) and
perpendicular to it (slow axis), are measured by a spectrophotometer
(“Photon RT”, Belarus) and spectrophotometric ellipsometer (“J. A.
Woolam RC2”, USA), respectively. The retardance difference is obtained
by aligning the shadowing plane with one of the ellipsometry axes and
then directly measuring the phase delay difference in transmission mode
at 0° angle of incidence. The dispersions of the refractive indices of silica
thin films were modeled by using the “Optilayer” software [18] and
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Fig. 1. The principal scheme of oblique angle deposition. y indicates the angle
between the vapor flux and the normal of the substrate surface.
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fitting transmission spectra (see Fig. 3(a)).
3. Results

Experimental research is divided into two parts: analysis of single-
and multi-layers. The first part describes the optical and structural
properties of anisotropic thin films deposited at different angles. The
second part includes the detailed analysis of multi-layer structures,
which are formed considering the results of the previous investigation.

3.1. Single-layers

A detailed investigation of optical and structural properties has been
performed for anisotropic silica single-layers in order to determine the
optimal deposition parameters to reach the highest anisotropy within
the film. When increasing the deposition angle, the influence of the self-
shadowing effect increases, which leads to more porous layer formation
and, therefore in a lower effective refractive index of the film. Because
the shadowing effect mostly dominates in one direction, when looking
from the top, such structured layers indicate elliptical shape columns
(see insert in Fig. 1). Therefore, optical anisotropy appears with a slow
and a fast axis as in crystals with natural anisotropy, which allows the
birefringent layer formation. Due to this SBD process the porosity in-
creases differently in perpendicular directions and induces the forma-
tion of open cracks what is known as the bundling effect [12,19]. Since
during low energy deposition, the surface morphology of the layer is the
main factor for the formation of the secondary film, SEM images have
been analyzed for the nanostructured thin films with thicknesses of 250
nm, deposited at different angles. The surface filling as a function of the
deposition angle is presented in Fig. 2. The analysis indicates a contin-
uous decrease of the surface filling when depositing at larger angles.
Open pores strongly influence the deposition on top of such surfaces.
This cannot only change the morphology of the secondary layer but can
affect the first one as well.

Deposition at larger angles changes not only the nanostructure of
thin films, but optical properties as well. Gradually increasing the
deposition angle between the vapor flux and the substrate normally
reduces the effective refractive index values due to an increasing self-
shadowing effect, and therefore the porosity. Since the shadowing ef-
fect occurs only in one direction, the birefringence of silica films also
depends on the deposition angle. Difference in refractive indices, for the
thin film deposited at 70° angle, is lower compared to Smith et al. [20]
and equals 0.028 at the wavelength of 350 nm. Difference can be
influenced by humidity during the measurements and modelling of the
spectra. SiO; anisotropic thin films exhibited the highest phase retard-
ance of 0.032°/nm at the deposition angles of 70° and 72°. Similar
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Fig. 2. Surface filling and SEM images of single layer anisotropic coatings (top
view) deposited at different angles (Red bar under each SEM image is set at 500
nm). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3. (a) Refractive index dispersions of SiO, layers evaporated at different angles. slow axis - polarization perpendicular to shadowing direction, fast — polarization
parallel to shadowing direction and (b) phase retardance of SiO, single layers evaporated at different angles.

tendencies were reported in other scientific publications, which were
conducted for sculptured films made from materials like Tay0s, WO3
and BiyO3 [7]. As stated above, optical analysis indicates that two
deposition angles, namely 70° and 72°, are the most effective for the
formation of anisotropic coatings, waveplates in our case. Additionally,
surface structural investigations show (in Fig. 2) that thin films depos-
ited at an angle of 70° have a higher filling factor of 5.5% compared to
thin films deposited at 72° angle. This is preferable for multi-layer ele-
ments and for gaining better environmental stability due to less open
areas within the coating, which can be exposed to contamination.

A deposition at 70°was chosen for further analysis as an optimal
angle. Due to the competitive growth between fractions in the nano-
structured layer, the expansion and coalescence of columns are pre-
sent during the film growth [8]. The evolution of the film surface and
optical anisotropy with increasing film thickness is shown in Fig. 4. The
birefringence is influenced and changes with the thickness of the layer.
Additionally, the increased size of the features can cause some negative
side effects, such as optical scattering.

The surface analysis from SEM images indicates the decreasing sur-
face filling of the films and the formation of wider cracks by increasing
the film thickness, possibly due to the coalescence of the columns. The
surface filling has decreased from 83.5% to 70% when the thickness of
the film changed from 50 nm to 1500 nm, respectively. The mean area of
the individual cracks has also increased from 86 nm? to 396 nm?,
accordingly. We can also observe from SEM images that cracks are
increasing in both directions: fast and slow axis. After approximation of
the elliptic form to each of the crack (please see Supplementary file), an
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increase of the largest minor axis within the surface of the film was
determined: it changed from 20 nm to 81 nm when the thickness of the
film changed from 50 nm to 1500 nm, respectively. Due to this structural
gradient in the thin film growth axis, the optical anisotropy is affected as
well. We can see the inhomogeneity of the normalized phase retardance
dispersions of single layers with different thicknesses in Fig. 4(b). The
phase retardation value at 350 nm wavelength for the film of 50 nm
thickness is 0.025 °/nm. It increases 1.30 and 1.54 times when thickness
increases to 400 nm and 1500 nm, respectively. According to our pre-
vious investigations of SiO, Al03, and LaF3 nanostructured thin films,
the cross-section of the plane perpendicular to the shadowing direction
in the silica layers consists of columnar structures with gradually
increasing diameters of individual columns as the film grows [8]. At the
beginning of the film growth, the average widths of the columns are
equal to ~29 nm. When film thickness reaches 400 nm, the coalescence
of columns has started, and the width of the individual element extends
to ~31 nm. Near the top of the layer (1.5 pm thickness), the width of the
structural element increases to 70 nm. The expansion and later the
coalescence of such columns leads to film inhomogeneity and light
scattering for shorter wavelengths. Average phase retardation is similar
in thin films with thicknesses from 200 nm to 400 nm. Layers of larger
thickness are limited in quality and precision for coatings due to (i)
inhomogeneous optical properties, (ii) optical scattering, (iii) wider
crack formation, and (iv) mechanical instability. A multi-layer
approach, i.e., the combination of porous anisotropic thin films with
dense layers, has already been proven as a viable solution. Unfortu-
nately, the deposition at close to normal incidence for dense thin film
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Fig. 4. The analysis of single-layer anisotropic coatings deposited at 70° angle by SBD method with different thicknesses. (a) Surface filling dependency on film
thickness together with top-view SEM images (red bar under each SEM image is set at 200 nm), (b) normalized phase retardance. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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formation still is highly influenced by larger voids in the porous layer.
This can lead to larger inhomogeneities, therefore must be addressed.

3.2. Multi-layers

The combination of porous and dense layers with different inner
structures allows to the creation of an interference coating using only
one material. As it is shown in Fig. 3, depending on the deposition pa-
rameters, the same material can exhibit different effective refractive
indices in a wide range (in case of SiO, from 1.41 to 1.13). Tailoring the
nanostructures for individual layers induces Fresnel reflections in multi-
layer coatings due to the difference in refractive indices, and therefore,
various optical designs can be realized. For designs, which require high
precision of optical properties, the combination of porous and dense
layers must be controlled with high precision; therefore the investiga-
tion of the interface is crucial.

As the first step of multi-layer analysis, the 2-layer structures are
fabricated and investigated in detail. The first layer (the base) is
deposited at 70° angle with a thickness of 250 nm and is kept the same in
all 2-layer coating experiments (see Fig. 5). The second layer is depos-
ited with changed GLAD conditions: different deposition angles of
incidence (y) or different vapor flux directions. For three samples, a
second layer with a thickness of 50 nm is deposited using constant
rotation around the substrate axis and setting y at 0, 30, and 50°. For the
fourth sample, the second layer is deposited by the SBD method with an
angle of ¥ = 50° and a time delay of 6 s between the half-rotations is
maintained.

The qualitative SEM analysis was performed by combining cross-
sections and top imaged to 3D images for the base layer and all 2-
layer coating samples (Fig. 6). As it can be seen in Fig. 6(a), the base
anisotropic layer surface structure consists of open cracks. As the second
layer is being deposited on such base structure, some of the particles are
penetrating inside the open voids and influence the optical properties of
the first layer, therefore generating a transition zone. Furthermore, it is
required for the dense layer to close the voids and to serve as a solid base
for the next porous layer deposition. Depositing the secondary film at
0° and 30° closes most of the cracks (Fig. 6(b) and (c)), and it can be
considered as a dense layer. Deposition at larger angles, 50° in our case,
maintains open cracks and cannot be considered as a dense film for the
multi-layer structure. Original SEM images of cross-sections of slow and
fast axis can be found in Supplements Figs. S4 and S5.

Atomic Force Microscopy (AFM) measurements of surface roughness
indicate that deposition at normal incidence also provides the lowest
RMS values of 1.28 nm (Fig. 7(b)) in the experiment. Smooth surfaces
after dense film deposition allow maintaining similar conditions in the
growth of further porous anisotropic films and throughout all multi-
layer formation. Depositions at 50° using constant substrate rotation
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Fig. 5. The schematic representation of deposition conditions to form the second (dense) layer.
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or implementing SBD result in surfaces with open cracks and increased
roughness of 1.60 nm and 1.68 nm, respectively. The comparison of the
structural analysis between all 2-layers coatings indicates that only de-
positions at 0° and 30° angles are viable for the multi-layer formation
and must be investigated further in order to determine their optical
performance.

In order to enhance the spectral response to the multi-layer, con-
sisting of nanostructured porous and dense layers, additionally, two 6-
layer coatings were deposited. The anisotropic layers were the same in
both designs, but the dense layers were deposited with constant rotation
at different angles (0° and 30°), shown in Fig. 8(a). Both coatings are
measured with the spectrophotometer and the ellipsometer (see Fig. 8
(b) and (c), respectively) for transmittance and phase retardance anal-
ysis. The multi-layer structure, which contains a dense layer deposited at
a normal angle, exhibited a spectral difference in transmission of 3.9 nm
(see Fig. 8(b)). For the dense layer deposited at 30° incidence, the
spectral difference extended 1.6 times to 6.2 nm, indicating a larger
optical anisotropy in the multi-layer coating. Additionally, the phase
retardance is also evaluated for both experimental samples (see Fig. 8
(c)). The multi-layer, which contains layers deposited at 30°, exhibits a
larger phase retardance value by ~5% throughout all UV spectra. Since
dense films, deposited at both angles, are formed using constant sub-
strate rotation, no birefringence is expected when light is irradiated at a
normal angle. Therefore, phase retardance and spectral difference are
present only due to the anisotropic layers, which are deposited at the
same conditions in both cases. The difference in both optical properties,
intensity and phase retardance, can be explained by considering the
larger open cracks in anisotropic films surface. Deposition at a normal
angle has a lower shadowing effect comparing to deposition at an inci-
dence of 30°. Therefore, some part of the initial vapor flux can travel
deeply into the pores and condensate in the initial film, and reduce its
anisotropic properties. The transmission spectra of the multi-layer
coating, deposited using 30° angle for dense films, is also shifted to
the shorter wavelengths and has lower reflectance values near the Bragg
zone. This behavior coincides with the multi-layer structure, which has
lower refractive indices and a smaller difference between them. The
refractive index of the dense film is slightly larger when deposited at
0° angle compared to the index of the film deposited at 30° angle.
Therefore, the spectral changes of the Bragg zones depth are attributed
to the reduced index of dense layers. The increased spectral difference of
the Bragg zone for perpendicular polarizations is attributed to the larger
anisotropy of the films deposited at 30° angle (when dense layers are
deposited at 30° angles). Deposition of dense layers at 0° angle results in
densifying the porous layer and reducing its anisotropy compared to the
deposition of a dense thin film at 30° angle. In order to confirm this
hypothesis, the growth of the coating was simulated and analyzed.
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Fig. 6. 3D representation of SEM images
combination of (a) single layer with 250 nm
thickness, deposited at an angle of 70° and 2-
layers structures with the second layer
deposited at (b) 0°, (c) 30, (d) 50° and (e)
50°-anisotropic case. Red bar for each com-
bination of SEM images is set at 250 nm. All
structures are aligned the same way. Slow
axis is parallel to y direction, fast axis is
parallel to x direction. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of
this article.)
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Fig. 7. AFM images of base single-layer (a) and 2-layer structures with top layer deposited at (b) 0°, (c) 30°, (d) 50°, and (e) 50° (anisotropic case).
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Fig. 8. (a) The schematic representation of a multi-layer structure with dense layers deposited at different angles, (b) transmission spectra of fabricated multi-layers
for perpendicular polarizations (slow and fast axis), (c) the normalized retardance of fabricated multi-layer.

4. Atomistic thin film growth - molecular dynamics (MD)

For the growth simulation of SiO2 multi-layers of anisotropic and
dense films, the interaction potential from Zhang et al. [21] is used for
the classical molecular dynamics (MD) performed with LAMMPS
[22,23]. The simulation is performed for a substrate area size of x = 16
nm and y = 7 nm with lateral periodic boundary conditions. The first
layer simulates a SBD coating (Fig. 9(a)) under an angle of y = 70°,
where the angle a is flipped by 180° for every 1.5 nm of structure height
(i.e., mean of the structure surface). The structure shown in Fig. 9(a) is

grown with 10 flips of a. As deposition energy 0.3 eV is used throughout
the simulation for silicon, while oxygen is deposited with no energy, i.e.
it is adsorbed only in case of an attractive local potential on the surface.
This method for oxygen serves as a simplified simulation of the common
process of saturation in physical vapor deposition (PVD). For the pur-
pose of simplicity, the deposition of more complex particles, like SiOy
molecules, is only considered by the ratio between silicon and oxygen.
The continuation on top of the zig-zag structure is done with more dense
layers, deposited with an incidence of y = 0°, 30° and 50° in Fig. 9(b)-
(d) during rotation of the structure by the azimuth angle a. The rotating
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Fig. 9. Side view of simulated coatings (y-axis
normal to paper plane), (a) the initial 1-layer zig-zag
structure grown like SBD (red-yellow) with the
substrate indicated by the shadowed area. The 2-
layer structures with the second layer in blue-
green continuing the first layer (not shown here)
with different incidence angles y during rotation of
the azimuth a. (b) ¥ = 0°, (c) ¥ = 30°, (d) y = 50°.
The filling of surface pores of the first layer is more
pronounced for smaller angles y. Graphics are
generated with VMD [24]. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)

speed is 2.5 turns/nm.

Therefore, these simulations represent the digital twin of the
experimental coatings shown in Fig. 6(a)—(d). As can be seen from Fig. 9
(a), the zig-zag layer exhibits a columnar structure. Although the
simulation yields only two columns here due to the limited structure size
and taking the periodic boundary into account, two major effects can
already be observed. That is the beginning coalescence on the left side,
while on the right an open pore and crack are build up. However,
because the coalescence is not reproduced fully here, the columns
widths are much smaller than observed in the experiment. With the
continuation in Fig. 9(b)—(d), the closed pore on the left of each structure
is nearly unchanged. In contrast, the open pore on the right is filled with
additional material, which even leads to a closed small pore for 0°, while
the impact on the initial layer decreases with increasing deposition
angle as shown in Fig. 9(c) and (d). However, the second layer quali-
tatively changes the structure morphology, including only pores much
smaller than the first layer. This is also viewed by the density profiles in
the growth direction in Fig. 10. Here, the structure is divided into slices
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of 0.5 nm in the growth direction, and the density is calculated by
counting the atomic masses for each slice resulting in a density profile.
While the density does not change up to a height of about 14 nm, the
range up to 19 nm for the 0° deposition shows a higher increase of the
density than 30° and 50° due to filling the open pores with material from
the second layer. The impact depth of material from the second layer can
be considered to be about 5 nm. However, because the simulated
structures are small compared to the experimental ones, resulting in
smaller columns widths, the impact depth in the experiment is probably
higher. The same initial structure reduces the high fluctuation in density
seen for regions above 19 nm, therefore here the higher density can be
considered significant, as also supported by the similar initial density for
30° and 50°, which is lost for 19 nm and above. For this region, the
density grows by about 0.4 g/cm? while fluctuating by a non-negligible
amount on the overall growth, but with no significant difference be-
tween the second layers.

Due to the structure morphology, an anisotropy for the first layer is
expected and confirmed in the following by performing an anisotropic
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Fig. 10. Density profiles of anisotropic zig-zag single layer and its continuation with dense layers deposited with constant rotation at y = 0°, 30° and 50°
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Table 1
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Results of the anisotropic effective medium approximation analysis for the first layer, i.e. the structure height region between 7 and 20 nm, with the impact of the
second layer. The uncertainty for the volume distribution is below +3.6%, while for the birefringence An the uncertainty is about +0.0017 for a 95% confidence

interval (see also [26]).

ZigZag

ZigZag + 0° ZigZag + 30° ZigZag + 50°

Volume distribution: material, pores 43.0%,57.0%
Refractive index of fast and slow axis 1.1925,1.2080
An 0.0155

Normalized phase retardance @ 266 nm 0.0207°/nm

46.6%,53.4%
1.2128,1.2251
0.0123

0.0167°/nm

45.2%,54.8%
1.2055,1.2184
0.0129

0.0176°/nm

44.8%,55.2%
1.2029,1.2166
0.0137

0.0185°/nm

effective medium approximation analysis as described in [25]. The re-
sults are viewed in Table 1 for a bulk refractive index of 1.5 for silica (at
266 nm). The distribution between the filled volume and pores is
determined by dividing the structure into voxels of 0.23 nm?. The voxels
containing atoms contribute to the filled volume, while empty voxels
contribute to the pores. The analysis of the first layer is taken for the
growth height region of 7-20 nm, therefore excludes the substrate
structure and upper surface region of the first layer but includes the
height region impacted by the second layer. For this region, corre-
sponding to the highest porosity, the highest birefringence for normal
light incidence is observed for the solely first layer of An = 0.0155.
Adding the second layer, the porosity decreases, which also leads to a
rise in the value of the refractive index ellipsoid. However, due to the
non-directional deposition of the second layer the birefringence de-
creases to 0.0123 for 0° and increasing again for larger deposition angles
of 30° and 50° with 0.0129 and 0.0137, respectively, where the impact
on the first layer is decreasing. The birefringence, i.e., the difference of
the refractive indices of the slow and fast axis, mainly resembles the
refractive index ellipsoid in x and y, because the ellipsoid is nearly
aligned with the coordinate axes. The uncertainties for a 95% confidence
interval are given in the caption of Table 1, however due to the small
number of samples, these are probably overestimated [26].

Repeating the analysis for the growth height region between 25 nm
and 47 nm (presented in Table 2), the results show a significantly lower
amount of pores in the material. Because this region does not exist prior
to the second layer, the influence of the first layer can only be indirect.
With a lower number of pores, the refractive indices increase. The
birefringence is much lower compared with the region between 7 and
20 nm. In general, for the second layer, a An = 0 can be expected so that
the small values can be related to indirect effects from the first layer
and/or statistical inaccuracies due to the limited simulated structure size
in all dimensions.

Simulated nanostructures are also compared with experimental data
and the same conclusions were found: deposition of dense coatings at
30° results in maintaining a more original anisotropy. Columns in
simulated zig-zag are thinner than in the experiment, however also the
coating thickness (15 nm mean height (~18 nm max)) is much less than
in experiments, so columns probably have not fully joined. But within
the periodicity of the simulation, the two columns already start joining.
Also, the phase retardance of the simulation is by a factor of about 2
lower than in the experiment. Again, the thickness in the simulation is
much lower (13 nm) than in the experiment with the smallest thickness
(50 nm) — the coalescence of columns is not observed.

The deposition of dense silica thin films on top of porous layers in-
fluences the optical anisotropy of the first film. Birefringence is reduced
in films with columnar structure when deposition of dense layer is

Table 2

performed at 0° angle and, therefore, the deposition of a dense coating at
angles of 30° and 50° with rotating substrate around the normal axis
were tested. The investigation was focused on the structural and optical
analysis of the single layers, deposited at different angles and with
different thicknesses. Afterward, different methods for over coating the
porous anisotropic layer was tested. Since the changes of the structure at
the interface between two distinct nanostructures is relatively small and
difficult to analyze quantitatively, only the changes in optical perfor-
mance, namely transmission and phase retardance, were measured.
Nevertheless, optical measurements were targeted to measure the
anisotropic properties — changes in transmission spectra and difference
in phase delay for perpendicular polarizations at 0° angle of incidence.
In all multi-layer samples, the anisotropic films were deposited at the
same conditions, therefore, any changes in optical properties are
attributed to the changes in porous layers nanostructure. In order to
confirm this hypothesis, molecular dynamic simulations were per-
formed. Results confirmed that different deposition conditions of dense
layer influence the nanostructure of the porous layer and its optical
anisotropy. Comparison between simulated refractive index differences
for fast and slow directions between porous anisotropic and dense layers
show similarities with transmission measurements of multilayer coat-
ings. Differences are larger when dense layers are coated at 0° angle due
to lower density of thin films deposited at 30° angle. At the same time,
simulated birefringence of anisotropic film is larger when dense layer is
coated at 30° angle, which explains the increased spectral difference of
multilayer, consisted of porous anisotropic and dense isotropic layers
coated at 70° and 30° angles, respectively.

Experimental results are limited to anisotropic SiOs films, deposited
at 70°, but the same principles can be applied to other type of structures,
namely columns with different nanostructure, chiral thin films, etc. Also,
deposition of different materials by GLAD method may also lead to
smaller cracks throughout nanostructured thin films surface. Depending
on the size and number of cracks, lower deposition angles can be used
for dense thin film formation.

Further research efforts are needed to simulate larger structures in
order to compare them directly with experimental results, and in-
vestigations with other materials and nanostructures should be
continued. We believe that we reported an investigation that can be
reproduced with other known materials and nanostructures used in
multi-layer optical coatings, thus expanding the capabilities of nano-
structured thin films to be used in high performance optical components.
Presented results can directly be applied for manufacturing coating-
based advanced components such as zero-order waveplates and polar-
izers for zero angle of incidence, since remaining the anisotropic prop-
erties in the porous layer is essential. Also, interface analysis could be
used in recently developed all-silica based interference coatings for

Results of the anisotropic effective medium approximation analysis for the second layer, i.e. the structure height region between 25 nm and 47 nm. Here, the un-
certainty for the volume distribution is below + 6.8%, while for the birefringence An the uncertainty is below + 0.0077 for a 95% confidence interval (see also [26]).

ZigZag

ZigZag + 0° ZigZag + 30° ZigZag + 50°

Volume distribution: material, pores -
Refractive index of fast and slow axis -
An -

Normalized phase retardance @ 266 nm -

63.3%,36.7%
1.3037,1.3078
0.0041

0.0055°/nm

61.8%,38.2%
1.2956,1.3002
0.0046

0.0063°/nm

62.0%,38.0%
1.2979,1.2999
0.0020

0.0026°/nm
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high-power lasers. Overall, any thin film based system, where strict
interface is beneficial, could be improved by presented research.

5. Conclusion

In this work, the analysis of optical and structural properties of
anisotropic silica thin films is presented, and the technology for main-
taining such initial properties in multi-layer coatings when using dense
layers is demonstrated. The largest anisotropy was obtained when the
substrate was tilted at 70° angle. Phase retardation of such thin films
changes during growth from 0.025°/nm to 0.038°/nm at thicknesses of
50 nm and 1500 nm, respectively. Such inhomogeneity of optical
retardance is due to changes in films nanostructure: decreasing surface
filling and expansion of cracks, which results in increased size of col-
umns with elliptic cross-section during bundling effect. Experimental
results indicate that in order to fully exploit such optical anisotropic
properties of nanostructured silica thin films in multi-layer coatings,
dense layers have to be deposited at 30° angle. Spectrophotometric and
ellipsometric data show improved differences in optical response for
perpendicular linear polarizations compared with multi-layers con-
taining conventional dense films deposited at 0°. Molecular dynamics
simulations of the thin film growth indicate that such behavior is caused
by deeper penetration of vapor flux within the porous film in case of
dense layer deposition at 0° angle. Therefore, the porosity and the
birefringence of the anisotropic layers are reduced. Deposition at 30°
angle, on the other hand, maintains a more original anisotropy.
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