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ABSTRACT:

The ability to control the propagation direction of light has long been a scientific goal.
However, the fabrication of large-scale optical angular-range selective films is still a
challenge. This paper presents a polymer-enabled large-scale fabrication method for
broadband angular-range selective films that perform over the entire visible spectrum.
Our approach involves stacking together multiple one-dimensional photonic crystals
with various engineered periodicities to enlarge the band gap across a wide spectral
range based on theoretical predictions. Experimental results demonstrate that our
method can achieve broadband transparency at a range of incident angles centered
around normal incidence and reflectivity at larger viewing angles, doing so at large
scale and low cost.

KEYWARDS: polymer, multilayer, optical film, angular selective, broadband.

An electromagnetic plane wave is characterized by three fundamental properties:
the frequency, the polarization, and the propagation direction. Tremendous progress has
been made toward achieving both frequency and polarization selectivity. Angular
selectivity, however, has seen relatively slower progress over the past several decades.
Some studies have explored angular selectivity based on metamaterials [1-2] and
photonic crystals; [3-4] however, these methods can only achieve narrowband angular
selectivity due to their inherent resonant properties. Some progress has been made

toward achieving optical broadband angular selectivity, including methods based on



extraordinary transmission, [5-6] a combination of polarizers and birefringent films, [7]
or parabolic directors. [8] The first method is difficult to realize in the visible spectrum;
while the other two can only work as angularly selective absorbers.

One major application for broadband angular-range selective films is in solar
energy harvesting, such as in solar cells. [9-11] A broadband angularly selective film
can help mitigate emission losses from radiative recombination and incomplete
absorption, through the process of photon-recycling and light trapping. [12] Privacy
screens are the other major application, and can be widely used in mobile phones and
computer displays. [13-14] Other applications include detectors with enhanced signal-
to-noise ratios, [12] car window privacy and sun shields. Practical applications require
large-scale production and low cost, and therefore it is important to achieve
manufacturable optical films with broadband angular-range selectivity. Shen et al.; [15]
proposed that one can utilize the Brewster angle of two isotropic dielectric media to
achieve broadband angular selectivity however, the film only works when it is
immersed in an index-matching liquid and such a method cannot be used for large-scale
film production and implementation. Some theoretical studies have demonstrated that
one-dimensional photonic crystal (ID PhC) structures based on anisotropic and
isotropic bilayers can achieve optical broadband angular selectivity, [16-17] but
experimental demonstrations are still lacking. So far, producing broadband angularly
selective films at a large-scale and low cost has remained elusive.

In this paper, we demonstrate the concept of polymer-enabled manufacturable

optical broadband angular-range selective films. First, we theoretically prove the



concept of angular-range selectivity over the entire visible spectrum based on 1D PhCs
consisting of alternating anisotropic and isotropic layers. The use of anisotropic
material is absolutely key in this regard. Second, we use the guidance provided by the
theoretical results to design and fabricate an optical angularly selective film based on
two commercial polymers, polyamide and polyester, via an industrial multilayer co-
extrusion technique followed by an orientation process. The experimentally measured
angular-range selective film exhibits, over the entire visible spectrum, high
transmissivity (~80%) at a range of angles centered at normal incidence, and high
reflection (~75%) at incident angles at and above 60°. This range of selectivity is
appropriate for the variety of applications mentioned above, and the fabrication

approach is large-scale and low cost.

RESULTS AND DISCUSSION

We first show the fundamental physical principle of broadband angular-range
selectivity. Consider a one-dimensional photonic crystal (1D PhC) consisting of
alternating anisotropic layers (A) with refractive indices n,= (ngy, nyy, ny,) = (1.57,
1.53, 1.51) and isotropic layers (B) with refractive index ng = 1.57, as shown in Fig. 1a.
As we shall see in section 3, these values correspond to accessible material choices. For
simplicity, we only focus on p-polarized light in the x direction. We note that such a
material system can further be generalized to include both s and p polarizations. [16]
The analytical expressions for the effective refractive index nz’ of the anisotropic layer

(A) for px-polarized light at a specific incident angle is given as follows: [17]
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In this work, the permeability p of material Aand Bis 1. 6% is the refraction angle
for px-polarized light in layer A. From equation (1), we see that the refractive index of
the anisotropic layer is affected by n,,. For near normal incidence, sin? = 0, n;
increases slightly with increasing anisotropy, therefore px-polarized light “sees” almost the
same refractive index of material A and B and is totally transmitted (black line in Fig. 1b).
However, for incidence angles not close to normal, n); increases more rapidly with
increasing anisotropy. Large anisotropy in permittivity results in high index contrast
and band gaps opening up at select wavelengths related to those angles (see example
for 30°, 45%, 60° incidence angles in Fig. 1b). Here there are 80 anisotropic- isotropic
bilayers in 1D PhC and the period is 100 nm. The simulation is based on the rigorous
coupled wave analysis (RCWA). [18]

To cover the entire visible spectrum, 1D PhC layers with various periodicities are
stacked together to enlarge the collective band gap (see Fig. 1c). The location of the
band gap scales proportionally with the periodicity of the multilayer stack, and therefore
the effective band gap can be enlarged when we stack multilayer stacks with various
periodicities together. As a proof of principle, we plot the transmission spectra of a
multilayer structure consisting of 85 such stacks, each stack consisting of 50 isotropic-
anisotropic bilayers (see Fig. 1d). The period of the ith stack (i =1, 2, . . ., 85) should
be 1.01¢ Da;, where a; is the period of the first stack facing the incident light (a1=65
nm). The isotropic and anisotropic materials have refractive indices of n,=1.57 and

ng=(1.57, 1.53, 1.51), respectively. The thickness ratio between layer A and B is 1:1. By



doing this, we can achieve angular-range selectivity with broad bandwidth (400 to 700
nm) and finite angular range (0° to 45°). To demonstrate that the anisotropic layer is the
key to achieve angular-range selectivity, we calculate the transmission spectrum of a
multilayer structure with two isotropic materials with refractive indices n,=1.57 and
ng=1.51. The multilayer structure behaves like a mirror for all incident angles (Fig. 1€).
The multilayer structure consists of 1000 stacks, each stack consisting of 50 isotropic-
anisotropic bilayers. The period of the ith stack is 1.001¢Da; where a; equals 65 nm. Practical
manufacturing conditions will often require off-ratio structures for production
feasibility. For example, the thickness ratio between layers A and B is often not 1:1, but
1:2 or 1:3 in realistic manufacturing conditions. Here we calculate the transmission
spectrum of the multilayer structure with the thickness ratio between layer A and B is
1:3. We can see that the transparent angular range increases to 0°-55° (Fig. 1f).

In realistic manufacturing conditions, layer distribution in the multilayer
structure may not be as perfect as expected. Next, we show that random distribution of
multilayer stacks with various periodicities can also result in broadband angular-range
selectivity. First, we plot transmission spectra of a multilayer structure consisting of 30
stacks with sequential distribution (Fig. 2a). Each stack consisting of 100 isotropic-
anisotropic bilayers. The refractive indices of isotropic layers (A) and anisotropic layers
(B) are is ny = 1.57 and ngz = (1.57, 1.53, 1.51), respectively. The period of the ith
stack (i =1, 2, ..., 30) should be a;+(i-1)*3nm, where a; equals 70 nm (Fig. 2b). The
thickness ratio between layer A and B is 1:1. Angular-range selectivity with broad

bandwidth (400 to 700 nm) and finite angular range (0° to 60°) is achieved. The random



permutation of these multilayer stacks with various periodicities is implemented (Fig.
2d). The broadband angular-range selectivity can still be achieved and the performance
is as good as that of the sequentially distributed multilayer structure (Fig. 2c). This gives
much flexibility for the manufacture of hundred-layer-films with no need for careful
arrangement of each stack.

To demonstrate optical broadband angular-range selective film production within
a practical large-scale manufacturing approach requires overcoming several critical
bottlenecks. First, use of inorganic semiconductors/insulators is prohibitive from the
point of view of scale and cost. Polymer based structures are more promising and offer
a range of lab-scale production techniques, including chemical vapor deposition, layer-
by-layer coating, and self-assembly. While these techniques are all capable of
producing multilayer films, they suffer from low processing speed, high cost, and small
film size for the manufacture of hundred-layer-films. On the other hand, a multilayer
co-extrusion approach represents an advanced processing technique capable of
producing polymer films with thousands of layers economically and effectively. [19]
However, in order to achieve layer configurations with the desired architecture, material
selection and processing-parameter control are essential for matching viscosity and
elasticity of the polymer melt during extrusion. Additionally, a sophisticated design
involving multi-layer feed-block with hundreds of polymer flow channels is necessary
to generate uniform layer structures. Secondly, one needs to deal with the
anisotropic/isotropic bilayer structure which is, in general, difficult to design and

manufacture. Nevertheless, an anisotropic layer can be obtained via polymer orientation



(induced by post extrusion stretching) with a few candidates including polyethylene
(PE), polypropylene (PP), polyester (PET), polyamide (PA), polystyrene (PS), and
polyvinylidenefluoride (PVDF). Each material requires its own specific stretching
condition to achieve the desired orientation. Therefore, the processing window is
especially narrow for multilayer films where the orientation properties of both materials
is critical. Moreover, the particular stretching parameters needed to generate orientation
for the anisotropic layer while keeping the other layer isotropic are quite complex. Last
but not least, the angular-range selective film must possess the desired optical properties.
The refractive indices (n) must match in the in-plane x direction in both layers for
normal direction transparency while the refractive indices must differ (An) in the out-
of-plane direction (z-direction) of both layers for the angle dependent bandgap. Given
these mechanical and optical constraints we found 2 polymers, polyamide (PA) and
polyethylene terephthalate glycol (PETG), that are most appropriate. PA is chosen as
the anisotropic material since it possesses a wide stretching window and matches the
in-plane index of PETG, and PETG is chosen as the isotropic material since amorphous
PETG remains amorphous (isotropic) under the appropriate processing conditions
during the post-extrusion stretching of the film. In this work we use this approach to
demonstrate a large scale, fast speed, and low-cost manufacturing technique to produce
material systems that possess optical broadband angular-range selectivity. It should be
emphasized that the method in this paper is not based on any lab scale equipment and
process. The films were produced via industry pilot scale equipment with a through put

of 1001bs./hr. The as-extruded film we collected is in 100 ft roll with 12 i width. The



final angular selective film is able to cover a cell phone screen which exhibits large
scale angular selectivity effect.

Specifically, 1D PhC films with alternating PA anisotropic layers (A) and PETG
isotropic layers (B) were fabricated via the multilayer co-extrusion technique (Fig. 3a)
followed by a post-extrusion orientation step. Each individual 1D PhC film consists
121 anisotropic layers (nz’xx = 1.57, nz'yy = 1.53, nz'zz = 1.51) and 120 isotropic
layers (n}, ., = np ., = np,, = 1.57) with a layered structure that was confirmed by
atomic force microscopy (Fig. 3b). The refractive indices of PA layer were obtained by
measuring the PA control film with the same processing condition and the refractive
indices of PETG were selected from isotropic PETG film. The film is totally
transmissive (n}, = nk) for px-polarized light at normal incidence (black line in Fig. 3c),
whereas, a band gap is exhibited (n} < n%) for p-polarized light with an incident angle of 60°
(red line in Fig. 3c).

To cover the entire visible spectrum, an angular-range selective film was produced by
stacking together 20 of the 1D PhC stacks, each with distinct periodicities. Each stack consists
of 241 anisotropic-isotropic bilayers. The thickness ratio between isotropic layer and
anisotropic layer is 1:3. The thickness of the isotropic layer in the ith (i =1, 2, ...20) stack
should be a:+[(i-1)/2] x 3nm, where a; equals 45 nm. The thickness of the anisotropic layer in
each stack is triple that of the isotropic layer. The fabricated angular-range selective film
exhibits around 80% transmissivity (black line in Fig. 3d) for px-polarized light at normal
incidence, whereas, the px-polarization light transmissivity is decreased to around 25% at an

incident angle of 60° (red line in Fig. 3d).



In Fig. 4, we calculate the px-polarization transmittance of the sample and measure
the corresponding experimental transmittance in the visible spectrum. First, we
calculate the px-polarization transmittance in ideal case. The sample shows high
transparency (~100%) for normal incidence (Fig. 4a). The transmittance of the sample
remains larger than 90% when the incident angle is smaller than 30° and starts to
decrease when the incident angle is further increased. The multilayer structure becomes
reflective and behaves like mirror when the angle is larger than 60°. Given that the small
nonuniformity that exist in the layers of the fabricated material can reduce transparency,
the transmission spectrum is then calculated including a scattering correction to make
theoretical and experimental spectra for normal incidence agree with each other.
Specifically, the correction involves taking the ratio of transmission data at normal
incidence for the experimental and ideal simulations as the correction factor applied
across the entire spectrum. The corrected transmittance still shows high transparency
(~80%) for normal incidence (Fig. 4b). When the incident angle is increased to 60°, the
multilayer structure becomes highly reflective and behaves like mirror. The
transmittance of the sample was measured using an ultraviolet-visible
spectrophotometer (Ocean Optics SD 2000). The sample shows high transparency
(~80%) for normal incidence and highly reflection at the incident angle of 60° in the
experiment. The experimental transmittance agrees reasonably well with the calculated
results (Fig. 4c).

In order to demonstrate the performance of the angular-range selective film, it is

placed in front of an iPhone whose display is a set to a rainbow image, as shown in Fig.



5a. A polarizer is installed on the camera so that it detects only px-polarized light. The
sample is transparent over entire visible spectrum at normal incidence (Fig. 5b). When
the incident angle is 45°, the sample is also transparent and the transmissivity is a little
lower than the case at normal incidence (Fig. 5c). The sample behaves like mirror for
incident angles larger than 60° (Fig. 5d). A light source is orientated towards the
experimental setup. The sample looks white because most of light is reflected to the
camera. We note that the sample works in air and there is no need for employing an

ambient index-matching material (Supplementary Movie S1).

CONCLUSIONS

A multi-layer polymer material system that can achieve broadband angular-range
selectivity over the entire visible spectrum is experimentally demonstrated. Unlike the
angular-range selective films based on the Brewster angle of two isotropic materials,
our angular-range selective film can achieve transparency around normal incidence,
which enables the ambient environment to be air rather than water or any other index
matching fluid. In addition, the angular-range selective film is based on a mature
commercial polymer manufacturing method that can produce films at large commercial
production scales. We believe that no fundamental theoretical limit exists to the angular
selectivity possible while preserving broadband transmission at normal incidence.
Indeed, there are several ways to narrow the angular selective window including
employing a higher delta n system with increased numbers of stacks/bilayers (for

example, crystalline PEN/amorphous PEN system can achieve a deltan > 0.1) Although



we only focused on px-polarized light in this paper (a biaxial polarization orientation
will generate the same response), our method can be generalized to account for both s
and p polarized light by inserting a half-wave plate (an anisotropic polymer film)
between two angular selective films. [ 16] Such material systems could be used in many
applications such as high-efficiency solar energy conversion and light trapping, privacy

protection for displays, and photo-detectors with enhanced signal-to-noise ratios.

MATERIALS AND METHODS

PETG (poly ethylene terephthalate glycol) and PA (polyamide) were directly
supplied from industry. Both resins were dried under vacuum at 60°C for 24 hours prior
to multilayer coextrusion. Films with alternating PETG/PA layers were fabricated using
a 241 layer feedblock with PA layer on the outside. Two polyethylene (PE) skin layers
were added to both side of the PETG/PA multilayer core before extrusion from the exit
die. The throughput of this pilot scale extrusion system was 100lbs./hr and the final

films were collected in 1001t roll with 12” width.
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Movie S1: angular selective effect movie of a rainbow picture in an iPhone screen (MP4)
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Fig 1. | Theoretical illustration. a, Schematic diagrams showing px-polarized light incident at zero
and nonzero angles on 1D PhC. Different colors (blue and grey) represent different refractive indices
of bilayers. Band gaps only appear at nonzero incident angles. b, Transmission spectra for px-
polarized light incident at zero and nonzero angles on 1D PhC. 1D PhC has 80 bilayers and the
period is 100 nm. ¢, Schematic layout of the bilayer structure stacking mechanism. d, px-polarized
transmission spectrum of 85 stacks at various periodicities. Each stack consisting of 50 isotropic-
anisotropic bilayers. The thickness ratio between layer A and B is 1:1. e, px-polarized transmission
spectrum of isotropic-isotropic 1D PhC stacks. There are 1000 stacks, 50 isotropic-anisotropic
bilayers in each stack. This system behaves like a mirror at any incident angle and visible
wavelength, thus emphasizing the importance of the need to introduce anisotropy. f, px-polarized
transmission spectrum of 85 stacks, 50 isotropic-anisotropic bilayers in each stack. The thickness
ratio between layer A and B is 1:3.
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Fig 5. | Experimental setup and observations. a, Schematic of experiment setup. The rainbow
picture and angular selective film are installed on a rotation station. A polarizer is placed in front of
a camera. Large scale result on iPhone: b, Incident angle is 0°. The angular selective film is
transparent for the entire visible regime for px-polarized light. ¢, Incident angle is 45°. The
transmissivity of the angular selective film is decreased a little. d, Incident angle is 60°. The angular
selective film behaves as a mirror.
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