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ABSTRACT: Generalized Brewster effect is a phenomenon where light of both TE (S-) and TM (P-) polarization
transmit through a surface with no reflection for a particular incident angle. Generalized Brewster angle (GBA) in visible
and near-infrared (NIR) wavelength region is very useful in many scientific and technical areas of applications.
However, it is very rare to find a material having this effect as it demands both dielectric and magnetic response in that
wavelength range and usually magnetic response is extremely weak in the optical wavelengths. Here we demonstrate the
GBA effect of an anisotropic material composed of highly ordered high aspect ratio aluminium doped zinc oxide (AZO)
nanopillar arrays. Along with the experimental demonstration, we also provide a proper numerical analysis to investigate
the origin of this effect in the pillar array system which will be useful for many conventional as well as new applications
in photonics including protein sensing.
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INTRODUCTION: Brewster angle, 8g, is a particular incidence angle at which light of certain polarization can
transmit perfectly through a dielectric surface without reflection 2. Therefore, the reflection of the unpolarized light
incident at 6g is a perfectly polarized light, as well as the transmitted one. Brewster's angle is also known as the
polarizing angle as the reflected light from a surface at this angle is completely a polarized light which has polarization
perpendicular to the plane of incidence. Brewster showed in his popular Brewster law that &g is a function of the
refractive indices of the material used. Here it is worth mentioning that, as the refractive index of a medium depends on
the wavelength of the incident light, thus g also varies with the chosen wavelength. The Brewster angle is useful for
many practical applications, such as polarized sunglasses for reducing glare of sun reflecting off horizontal surfaces,

polarizing filter cameras, holograms, Brewster angle prisms to minimize reflection losses for laser physics I, Brewster
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windows for gas lasers, cavity mirrors, high-performance terahertz modulators ¥, and Brewster angle microscopes for

the study of surface science ©°.

For all the above discussion of #5 we have assumed that the reflection is taking place from a homogeneous, non-
magnetic, achiral, and isotropic material. Generally, Brewster angle effect occurs either for s-polarized light or for p-
polarized light. For a normal dielectric material, the Brewster phenomenon of p-polarized light is a common event. On
the other hand, &5 for s-polarized light generally can be seen in a magnetic material with permeability x # 1 and it is quite
rare at visible and NIR frequencies as their magnetic response is extremely weak (u =~ 1) in that wavelength range. GBA
is the incidence angle at which the Brewster angle effect for both the polarization takes place. In other words, at the
particular incidence angle, reflection for p- as well as s-polarized light vanishes 2. For the GBA effect to occur in a
particular material, both the p- and s-polarization Brewster angle effect is needed which is only possible when the
material has dielectric and magnetic response. Therefore, it is hard to meet the requirement of magnetic response at
visible and NIR wavelength range along with the dielectric response in a material, making it difficult to find GBA effect
in a material in that wavelength region. For some magnetic materials, although one can see GBA effect, yet 6 for s-
polarized light (6577°") is not same as the @ for the p-polarized light (6277°") for non-normal incidence angle [,
Therefore, the only necessary and sufficient condition for GBA effect is that the vector resultant radiation field should

vanish in the reflection due to the total destructive interference of the magnetic and electric dipoles of the magnetic

material at e;'P—p"’ . For normal magnetic materials, the Brewster's angle exists only for either s- or p-polarization,
which is controlled by the relative strengths of the dielectric permittivity and magnetic permeability ). This fact is very

useful for the explanation of generalized Brewster angles in specific systems, for example, in dielectric metasurfaces ™!,

The generalized Brewster angle effect has been observed experimentally in microwave region using the split-ring
resonators M. The GBA effect was also experimentally demonstrated in anisotropic material ™!, graphene combined
with thin film absorber &, chiral materials ™4, and a multilayer structure ™. In addition, s-polarized Brewster effect was

(] graphene layer B ! and all-dielectric metamaterials at the

observed in stratified metal-dielectric metamaterial,
optical frequency . Metamaterials, with negative permeability and thus with a magnetic response, support the GBA
effect 2!, However, those works did not show the GBA effect of both polarizations in the reflected light, especially for
the s-polarized light ™. There, unequal reflection for p- and s-polarized light was observed, which is quite normal for
non-magnetic material, and therefore it cannot be considered as a true generalized Brewster effect as this is obvious

according to the Fresnel equations.

Here we experimentally demonstrate the presence of the generalized Brewster angle effect in the high aspect ratio highly
ordered aluminium doped ZnO (AZO) solid pillar structures. The high aspect ratio AZO pillars were fabricated by a
combination of advanced deep ultraviolet (DUV) lithography, deep reactive ion etching (DRIE), and atomic layer
deposition (ALD) techniques ?2. The diameter and height of these pillars are 300 nm and 2 pm, respectively, and a pitch
of 400 nm and 500 nm is maintained over 1 x 1 cm?area. For these structures, air acts as the host material and all these
nanopillars are standing over a 200 nm thick SiO, layer deposited on a Si wafer. These AZO structures satisfy both the p-

and s-polarization Brewster condition experimentally at wavelengths in the NIR region. The GBA wavelength can also
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be tuned by the angle of incidence which adds one more advantage to these structures. Therefore, the GBA effect along
with the strong near field localization capability makes these high aspect ratio AZO nanostructures useful for many
applications, such as low-power ultrafast optical switches, perfect light absorbers, Brewster windows in gas lasers
including protein sensing. In order to deeply understand the cause of the GBA effect of the AZO nanopillar array system,
numerical investigations have also been performed here. The following paragraphs describe the design and the
nanofabrication process of the nanopillars array system along with the numerical study and the experimental results

which supports the GBA effect of the array structures.
EXPERIMENTAL SECTION:

Fabrication of AZO Nanopillars: The home-made SOI (silicon-on-insulator) substrates has been prepared by thermally
oxidizing the <100> Si wafers to the thickness of 200 nm and depositing 2 pum amorphous Si by LPCVD (Low pressure
chemical vapour deposition). Deep UV lithography was used to define square lattice patterns of photoresist on SOI
substrates. Deep reactive ion etching (DRIE) was implemented with a standard Bosch process ! in order to etch a Si
template into the 2 um-deep air hole arrays, which was cleaned in N,/O, plasma to remove remaining resist and other
organic contaminants. Then, the silicon templates were coated by AZO (using trimethylaluminum, diethylzinc, and water
as precursors) by means of atomic layer deposition (ALD), I until the air holes were filled entirely. For the final step,
the AZO filling needs to be isolated, and for that purpose, the samples were subjected to Ar™ sputtering for removal of
the top AZO layer and exposing the silicon template. Afterwards, the silicon matrix in-between cavities coated with
AZO, has been removed using SFg plasma in conventional isotropic reactive ion etching process without interference
with functional ALD material, resulting in the formation of AZO pillars as shown in Figure 1. The resulting AZO pillar
structures on Si substrate have an intermediate thermally grown 200 nm silica layer (see Figure 1). The diameter, pitch,
and height of the AZO pillars are 300 nm, 400 nm, and 2 pm, respectively. ?? Here samples of AZO nanopillars arrays
are also built with 500 nm pitch. In all the cases, the host material of the pillars is air and the array platforms are
fabricated over 1x1 cm? area. The more detailed description of the fabrication method for different structures, such as,
AZO trenches, ®? TiN trenches, ! dielectric trenches, % coaxial tubes B can be found elsewhere. The optical
properties of AZO films fabricated by ALD have been measured by spectroscopic ellipsometer for the wavelength range

of interests. 2% %!

Ellipsometric Reflection Measurement: A high-resolution variable-angle spectroscopic ellipsometry (SE) (J. A.
Woollam Co., Inc., V-VASE) is used to experimentally measure all types of angular reflections and spectroscopic
parameters. The low-power spectroscopic ellipsometer has high precision and it is also non-destructive. Thus SE is
preferable for the optical characterization of these AZO pillar nanostructures. Here reflectivity R (4, ) at different angle
of incidence, ¢, in the wavelength range of 1 = 300 - 3300 nm is measured along with the measurement of spectroscopic
parameters such as amplitude component, psi (¥) and phase difference, delta (4). The maximum resolution of this

ellipsometer is 0.03 nm but for our measurements 1 nm resolution is maintained throughout the experiments.
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Figure 1: Scanning electron microscope (SEM) images of fabricated AZO (a, b) pillar array with a pitch of 400 nm, diameter
of 300 nm, and height of 2 um.

Numerical Analysis: In order to estimate the effective parallel (e;,) and perpendicular (e,) permittivities for the AZO
nanopillar array system, we employed the following procedure. Spectroscopic parameters, psi (¥) which is the amplitude
component and delta (4) which is the phase difference were gathered for the entire system (AZO nanopillar, 200 nm
SiO,, and Si substrate) in the wavelength range of 300 - 3300 nm using the SE. The complex reflectance ratio of the

system measured by the SE follows the relation

T .
L= tanypeid
Ts

Where, tan ¥ is the measurement of amplitude ratio upon reflection and e is connected to the phase shift. Here 7, and
1, is the normalized amplitude of the s- and p- polarized light respectively to their initial value after reflection. In order to
model the ellipsometric data, we used a transfer matrix approach generalized for anisotropic metamaterials =X based on
Berreman matrices 2. In order to apply this approach, we needed analytical forms for €) and €, which we derived from
an effective medium approximation for a system of nanopillars surrounded by air 2

. _1=p+ 1 +pleszo
114+ p+ A - peaso’
Here €45, is the permittivity of AZO and p is the volume fraction of nanopillars in the layer (p = 0.44 for the system

€, =1—p+pesz (€Y)

with 400 nm pillar spacing, and p = 0.28 for the one with 500 nm spacing). The final ingredient in the model is an
effective medium approximation B for €470 based on a mixture with fraction ¢ of Al (permittivity taken from Ref. [35])
and (1 — ¢) of ZnO. For the latter we use a permittivity based on the Wemple-DiDomenico model B¢ with fitting
parameters E; and E,. For the underlying SiO, layer and Si substrate, we use permittivities from Refs. [37] and [38],
respectively. In total there are three fitting parameters (¢, E;, and E,;) which we optimize to most closely match the

ellipsometric data. The best-fit results allow us to obtain €, and €, through Eq. (1).

Results and Discussions: The optical characterization of AZO nanopillars array system of 400 nm and 500 nm pitch in
square lattice with air host was conducted by the spectroscopic ellipsometer for both s- and p-polarized light which are
shown in the Figure 2. The reflection measurements of AZO pillars with 500 nm pitch are shown for variable incident

angles (15 deg to 25 deg by 5 deg) in panel (a) and (b) for p- and s- polarization respectively. Similarly, the reflection
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measurements of AZO solid pillars with 400 nm pitch are shown for variable incident angles (35 deg to 45 deg by 5 deg)
in Figure 2(c) and (d) for p- and s- polarization respectively. Here we can see that the AZO pillars of both type of pitches
show GBA effect. For AZO samples at certain wavelength and angular range, R, (reflection for p-polarized light) = R
(reflection for p-polarized light) = 0. That particular wavelength is designated as the GBA wavelength and the
corresponding angle as the GBA. For AZO pillars with 500 nm pitch, GBA effect is seen to occur around 1600 nm for
the angular range of 15 deg to 25 deg. A clear blue shift of the GBA wavelength is seen for higher measurement angle.
Similarly, for AZO pillars with 400 nm pitch, GBA effect occurs around 1500 nm for the angular range of 35 deg to 45
deg. In this case also a blue shift of the GBA wavelength is observed for higher measurement angle. It is worth
mentioning that, compared to the case of AZO pillar arrays of 400 nm pitch, the AZO pillar sample with 500 nm pitch

shows the GBA effect at smaller angular range and at higher wavelength range.
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Figure 2. The reflection characteristics of the AZO nanopillars arrays with 500 nm pitch are shown for both (a) p-
polarization and (b) s-polarization where the GBA effect is seen near 1600 nm and over an angular range of 15 deg to 25
deg. The reflection characteristics of the AZO nanopillars arrays with 400 nm pitch are shown for both (c) p-polarization and
(d) s-polarization where the GBA effect is seen near 1500 nm and over an angular range of 35 deg to 45 deg. For both type
of AZO pillar samples (with 400 nm and 500 nm pitch) air acts as the host material.
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Now to proceed further to have a deeper insight of this GBA effect of the AZO pillar array system we focus only on the
pillar arrays of 400 nm pitch which will also be applicable for the case of 500 nm pitch. The GBA effect and the
wavelength at which that phenomenon occurs can be better understood from their spectroscopic parameter study,
measured with the help of ellipsometer at those incident angles. Figure 3 shows both psi (¥) and delta (4) characteristics

at 35 deg, 40 deg and 45 deg incident angle measured with the help of spectroscopic ellipsometer.
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Figure 3. Spectroscopic parameters, (a) Psi (¥) (b) Delta (4) of the AZO pillars arrays system with 400 nm pitch and air
host for three different measurement angles. At GBA wavelength, changes in both spectroscopic parameters can be seen.
The blue shift in the GBA wavelength on increasing the incident angle is clearly evident here.
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Figure 4: Theoretically calculated real and imaginary part of permittivity (epsilon, €) of the AZO pillar structure with 400
nm pitch and air host, in parallel plane as well as in the perpendicular plane (along the semi-major axis of the pillar) is
shown here. This numerical analysis is done by the transfer matrix method which is helpful to realize the cause of the GBA
effect in this AZO pillar array structure.
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From Figure 3(b), the particular wavelength at which the GBA effect is occurring can be sharply figured out by pointing
out the wavelength at which delta (phase) is changing by 180 deg. The phase change of 180 deg is pointing out the
complete phase shift by the system at that wavelength region giving rise to the Brewster phenomena for both
polarizations. The comparison among all the GBA wavelengths for 35 deg, 40 deg and 45 deg is clearly indicating that
the GBA wavelength shows a blue shift for higher incident angle as already seen in Figure 2. Figure 3(a) shows the
variation of the parameter ¥ for this AZO structure for 35 deg, 40 deg, and 45 deg. At the GBA wavelength in each case
(35 deg/40 deg/ 45 deg incident angle), ¥ goes from minimum to maximum or vice versa. Here the values of ¥ and 4 at

the GBA wavelength contributes to the r, = —7;, which leads to the GBA effect.

At this point, it is very clear that the AZO solid pillars array system with air as the host material has the GBA effect for
both the 400 nm and 500 nm pitch. Now to understand the origin of this effect in this AZO pillar array structure,
theoretical analysis has been conducted to see the optical behaviour of the structure by calculating the real and imaginary
part of permittivity (epsilon, €) in the plane of the pillar as well as along the direction of the pillar. The results are given
in Figure 4. From the theoretical analysis shown in the figure 4 it is very clear that, the AZO pillar structure of 400 nm
pitch and air host is anisotropic around 1500 nm which is the GBA wavelength of that structure measured from the
reflection characteristics and the spectroscopic parameters. It is known that the anisotropic materials which can be
considered as a type of metamaterial ** have the potential to show GBA effect originated from the zero vector resultant
radiation field in the reflection due to the total destructive interference of the magnetic and electric dipoles of the

material at 57 ~P°", 1041

To qualitatively understand the mechanism behind this phenomena one should focus on the behaviour of the electric
dipoles of the media in presence of light. As the incident light interacts with the surface, the electric dipoles start
oscillating at the interface between two media and then they re-radiate. It is a very well-known fact that the freely
propagating light polarization is always perpendicular to the light propagation direction. Now the dipoles re-radiating at
the interface produce the refracted or the transmitted light which oscillates in the same polarization direction of that light.
These dipoles also create the reflected light but they do not radiate energy in the direction of the dipole moment. When
the refracted light is p-polarized light and it propagates perpendicularly to the direction of the reflected light, the dipoles
point along the specular reflection direction and therefore no light can be reflected. In this way, the Fresnel reflection
coefficients for the incoming light vanish and the Brewster phenomenon takes place. For most of the materials this
phenomena occurs only for p-polarized light. But here for this anisotropic AZO pillar array structure this is happening
for both polarizations because of the equal strength of the electric permittivity and magnetic permeability at the GBA

wavelength.

From the experimental reflection characteristics it is quite evident that these AZO pillar structures with air host showing
the GBA effect are able to behave as the perfect light absorber at those particular wavelength and incident angle range.
For the GBA and thus perfect light absorption property of these structures one may also use them as the ultrafast optical

switches where incident angle and the operating wavelength can be used to switch from one optical state (ON state) to
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the other optical (OFF state) state. Therefore, these AZO pillar array structures are expected to be useful for various

conventional and novel scientific and technical applications in photonics.

CONCLUSION: We demonstrate here generalized Brewster angle effect in the NIR wavelength region using the array
like structure of highly ordered high aspect ratio AZO solid nanopillars. The GBA wavelength depends on the incidence
angle, pitch of the array structure along with the material composition. Here the AZO pillars were fabricated using a
combination of advanced reactive ion etching technique and ALD technique. Experimental results are given to support
the GBA effect of these anisotropic material and numerical investigations have been performed to elucidate the actual
underlying cause of this effect. The tunable GBA effect along with several other advantages makes these structures

useful for many applications including optical switches, perfect light absorbers, and protein sensing.
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