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ABSTRACT

Angled columnar structures produced by oblique angle deposition possess useful optical polarization effects. It is well
known that this is due to structural anisotropy but the relative contributions of factors affecting this anisotropy are not
fully understood in all cases. Serial bideposited films where the azimuth is changed during deposition can have greater
birefringence if the azimuths are directly opposed. In contrast, in this article the properties of perpendicular azimuth
films are studied: silicon films at tilt angles 50-80° were deposited and analyzed. Electron microscopy confirmed that
the silicon nanostructures were formed off-axis, meaning they did not develop along the deposition axes but followed the
averaged azimuth. Optical measurements confirm that the maximum birefringence occurs closer to glancing angles, and
optical modelling demonstrates that in contrast to fixed azimuth films the birefringence in these perpendicular azimuth
films is primarily modulated by depolarization factors.
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1. INTRODUCTION

Coatings deposited at oblique angles form highly porous, randomly ordered structures that have potential application in
selective filters [1], retarders [2], polarimeters [3], sensors [4, 5], supercapacitors [6] and anodes for batteries [7].

Understanding growth processes is useful for optimizing the deposition of these films. It is understood that initial
nucleation of the deposited material on the surface of the substrate precedes the process of columnar growth, which is
primarily maintained by shadowing effects [8]. Minimization of diffusion maximizes shadowing processes leading to
strong columnar growth. Fixed angle deposition produces films with angled columns related to the tilt angle of
deposition. Rotation of the substrate, simulating multidirectional vapour flux [9], allows production of a great variety of
structures including rods and helical columns [10-15] that are useful for different applications. Since a diverse range of
structures with various properties can be readily formed over large areas, exploring and optimizing this process has
continued to attract attention.

Our focus in this article is the resulting optical anisotropy [16-18]. This is not only useful for applications requiring
optical polarization, but full optical characterization is also a useful tool for determining and understanding structural
anisotropy and hence other properties of these films. We briefly review some important findings on optical anisotropy.

Fixed angle deposition results in tilted columns with biaxial anisotropy that is optimized around 60~70° substrate tilt
[17], with the latter finding being repeated in many studies where the substrate is also rotated. Slow rotation of the films
forms helical structures that have circularly polarizing activity [19]. Rapid rotation forms vertical columns with no in-
plane activity due to uniaxial alignment with the substrate normal. However, serial bideposition with rapid stepping
between opposing azimuths has been shown to produce vertical columns and increase birefringence, both in otherwise
fixed angle deposits where the columns are strongly broadened perpendicular to the deposition plane [9, 20], and with
slow rotation which produces twisted columns[19]. There have been a number of studies seeking to further modify the
growth and resulting optical anisotropy. In particular, a prior study exploited perpendicular azimuth deposition to
produce off-axis films for spatially multiplexed polarization arrays: the onset of in-plane birefringence at high angles
was noted but only basic optical data was presented [4]. It is the aim of this article to explore and understand the factors
contributing to the optical anisotropy of these films.

The simplest theory for understanding the optical anisotropy of obliquely deposited films is effective medium
approximations (EMA), where the structure is assumed to be much smaller than the wavelength of light so that response
is an average. The effective permittivity tensor can be modelled by mean-dipole expressions which are functions of the
fill-factor (or complementary porosity) and the averaged dipole depolarization tensor aligned with the columnar
structure. Typically the depolarization is lowest along the columns and greatest in the deposition plane, consistent with
the known depolarization of ellipsoids corresponding to observed columnar shapes [21]. The projection of anisotropy
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depends primarily on the column angle but also the orientation of the growth and deposition planes which are usually
(but not always) aligned. It is understood that optical anisotropy is typically maximized at medium fill-factors and when
the anisotropy in the depolarization is maximized [22], but the relative contribution of these factors in real films has to be
determined by fitting measured data to a model.

The measurement linked most closely to anisotropy is ellipsometry, and indeed the in-plane anisotropy can be directly
determined from normal-incidence transmission ellipsometry. However, full determination of optical properties and
contributing factors is greatly facilitated by additional measurements such as polarized transmission/reflection
coefficients [3, 4, 20], column angle and morphology determined by electron microscopy and ideally by thickness and
packing fraction estimates from imaging and deposition rate calibration. This data can then be fitted to a parameterized
EMA enabling the determination of the full permittivity tensor, depolarization factors and refined estimates for packing
fraction and orientation. In this work we apply this process to determine both the magnitude and the factors contributing
to the optical anisotropy of perpendicular azimuth deposits as well as confirm the fitted birefringence.

2. EXPERIMENTAL DETAILS

The nanostructured materials were deposited onto glass and silicon substrates in an electron beam PVD system at tilt
angles of 45°, 50°, 55°, 60°, 65°, 70° for fixed azimuth films and 50°, 55°, 63°, 75°, 77° and 80° for the perpendicular
azimuth films.

Glass substrates were prepared by sonication in a water-detergent mix for approximately 20 minutes then rinsed with
deionized water and dried with nitrogen. Silicon substrates were also sonicated though in acetone for approximately 20
minutes then in ethanol for 5 minutes, next rinsed with deionized water and finally dried with nitrogen. The silicon used
for evaporation was taken from spare substrate wafers and also prepared with the same procedures, and broken into small
pieces for evaporation from a graphite crucible.

The electron beam evaporation system was evacuated to pressures better than 5 x 10” Torr and the material gradually
heated with the electron beam to stabilize the deposition rate, and then the shutter released to open the substrate to
evaporant flux. Deposition rate was maintained through automated feedback from a quartz crystal monitor (QCM) to
electron beam power, however the oblique angle at the substrates means that the QCM is not an absolute measure of
thickness of the film because that is affected by both flux projection and porosity. The samples were allowed to cool for
20 minutes before the chamber was vented to reduce thermal hazards.

For perpendicular azimuth deposition, similar parameters were used but a water-cooled stepped motor rotated the stage
during deposition. The substrate underwent repeated step rotation based on the QCM signal, with azimuths of 0° and 90°
achieved by repeated 90° and 270° step rotations alternated every 4nm for approximately 80 revolutions equating to 600
nm.

Nanostructures deposited onto the silicon substrates were viewed in cross-section and top-down in a Zeiss Supra 55VP
SEM at 10-15 kV SEM to measure column angle and thickness as well as confirm porosity and column formation.
Ellipsometric measurements were conducted in a J.A. Woollam V-VASE Ellipsometer in the range 300-3000 nm at
angles 15-75°. Reflectance and transmittance coefficients were measured in a PerkinElmer Lambda 950
spectrophotometer between 300-2500 nm at angles of 8°, 15°, 30°, 45°, 60° with the polarizer set at 0° and 90° for each
angle. An effective medium (biaxial Bruggeman) model was fitted to the data using WVASE32 software to estimate
depolarization, porosity, column angle and thickness. Micrographic measurements of column angle and thickness were
used as starting values for the fit procedure.

3. RESULTS AND DISCUSSION

The morphology of the deposited films was confirmed by electron microscopy, mostly on silicon substrates to avoid
beam bending and charging. Figure 1 displays the SBD films that were deposited at perpendicular azimuths and the
columnar structures formed at 75° elevation angle. To confirm the directions of deposition a top-down image
was taken of a piece of dust with shadows showing the deposition planes. Looking closely at the image, the direction of
growth of the structures can be seen to not be in the same plane as the incoming flux. This is where the name off-axis
comes from due to the disparity between the deposition and growth planes. However, the
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primary purpose of imaging was to quantify the cross-section column angle, which as expected is closer to the substrate
normal. This data is used in the optical model and refined as summarized later.

Figure 1 SEM micrograph of perpendicular azimuth deposit illustrating deposition planes: in plan view (a) the growth
shadow due a contaminant particle shows in-plane azimuths and the cross-section view in (b) shows the column tilt.

Optical measurements were performed on films deposited on glass so that transmission measurements could be made. In
particular, the normal in-plane birefringence (which is the most important data for polarizing filter applications) can be
determined directly from normal-incidence transmission ellipsometry and independent thickness measurement. For
fixed angle depositions maximum birefringence occurs between 50-60° (Figure 2a) which is expected, and as will be
confirmed soon corresponds with increasing column angle and nearly optimal packing density — at high or low packing
density the anisotropy must be minimized. In contrast, the perpendicular deposits (Figure 2b) have birefringence
increasing to quite high angles and the birefringence is relatively small. This is consistent with a previous study but the
reasons for it require a more thorough analysis.
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Figure 2 Birefringence of fixed angle with first (solid line) and second (dashed line) iterations at varying wavelengths (a)
and perpendicular azimuth (b) deposits
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To determine the full optical anisotropy and the importance of contributing factors, a wider range of measurements were
combined and fitted to the EMA as outlined in the method. Some of the directly measured factors (e.g. column angle,
thickness) were refined — this is justified on the basis that the properties of the deposits on silicon and glass substrates are
expected to be similar but not necessarily exactly the same. Figure 3 illustrates the comparison between the parameters
determined for fixed and perpendicular azimuth films.

Measurements were collated and imported into the WVASE32 software and an optical model was constructed based off
the experimental data that was observed. The samples were fitted to multiple layers starting from glass at the bottom to
the silicon film and layers that calculated the Bruggeman EMA. These films were classed as anisotropic and were fit
corrected using the mean squared error (MSE). The biaxial Bruggeman effective media approximation was used to
determine the packing densities and depolarization factors as well as the angles and rotation of the tensors to align with
the grown structures. As this layer required initial guesses to be input into the software, estimates were obtained from
known, measurable sources e.g. SEM was used to provide the starting values for thickness and column angle.

First we discuss the duplicated sets of fixed azimuth deposits (Figure 3 left-hand panels) which are relatively consistent.
The depolarization factor in the z-direction (down the columns, L,) and the x (L,) and y (L) depolarization factors are
the in-plane directions in the sample,

Figure 3 Fitted factors for fixed azimuth (left) and perpendicular azimuth (right) as a function of deposition angle. a & b)
depolarization factors (inset of directions), ¢ & d) column angle, e & f) packing densitya. has an inset that describes the
directions of x,y and z when measured in the ellipsometer. The depolarization factors are relatively constant with angle,
and the relative magnitudes are consistent with known results in that the depolarization along the columns (z) is small
and the depolarization in the deposition plane (x) is large. The column angles in Fig 3c are quite consistent and follow a
curve similar to the tangent rule as they increase with deposition angle. The only discrepancy to this trend with the
column angle decreasing occurs at 70°. Figure 3e illustrates the expected trend of decreasing packing density of the
columns due to greater self-shadowing.

The behavior of the perpendicular azimuth films (Figure 3 right hand panels) is substantially different. Overall, none of
the parameters change very much with elevation angle. There are some outliers but these could be caused by the
deposition conditions as the 63° sample had a decreased rate and was not deposited for as long as the other films. Due to
the complexity of anisotropic films it is complicated to rigorously establish uncertainties, but the anisotropy of these
films is relatively small which also may explain why experimental variations are more apparent. In general, the column
angle in Figure 3d is closer to the normal than other types of films, the packing density is lower (Figure 3f) and the
differences in depolarization are much smaller (Figure 3b).

The data as a whole suggests that the anisotropy of perpendicular azimuth films is probably dominated by small but
consistent changes in the depolarization factors, since L, and L, swap over at about 60° corresponding to the onset of in-
plane anisotropy seen in Figure 2b. This contrasts strongly with the results for fixed azimuth which are more strongly
affected by packing density and possibly column angle. Replication of this experiment and comparison with other
deposition regimes with different azimuth splits may help to elucidate general growth mechanisms in serial bideposition.
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Figure 3 Fitted factors for fixed azimuth (left) and perpendicular azimuth (right) as a function of deposition angle. a & b)

depolarization factors (inset of directions), ¢ & d) column angle, e & f) packing density
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4. CONCLUSION

Fixed and perpendicular azimuth obliquely deposited films were analyzed to determine which factors contribute strongly
to birefringence in these films. In particular electron microscopy was used to determine column angle and optical
modelling was then used to estimate packing density and effective depolarization factors. The parameters that affect the
birefringence in these two regimes are fundamentally different with the perpendicular azimuth films being primarily
affected by depolarization factors and the fixed azimuth films by column angle and packing density. Maximum in-plane
birefringence occurred around 60° elevation for the fixed angle films consistent with previous studies, whereas
birefringence only becomes significant in the perpendicular azimuth films after 63° due to the depolarization factors (L,
and L) changing in magnitude. The difference in these two regimes indicates that further study is necessary to fully
understand the growth mechanisms affecting multi-azimuth deposition.
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