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Abstract: This research investigates the optical anisotropy and structure-induced birefringence
in low-index nanolattices. By designing the unit-cell geometry using 3-dimentional (3D) colloidal
lithography, nanolattices can exhibit different refractive indices along orthogonal directions
due to the structure geometry. The out-of-plane and in-plane indices are characterized using
spectroscopic ellipsometry and agree well with the anisotropic Cauchy material model. Exhibit
positive-uniaxial birefringence, the nanolattices can have up to An =0.003 for nanolattices with
low indices that range from 1.04 to 1.12. The birefringence is modeled using the finite-difference-
time-domain (FDTD) method, where the reflectance of an anisotropic film is calculated to
iteratively solve for the indices. The theoretical model and experimental data indicate that the
birefringence can be controlled by the unit-cell geometry based on the relative length scale of
the particle diameter to the exposure wavelength. This work demonstrates that it is possible
to precisely design optical birefringence in 3D nanolattices, which can find applications in
polarizing optics, nanophotonics, and wearable electronics.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The field of nanophotonics has attracted significant attention over the past two decades, with
applications in augmented and virtual reality (AR/VR), advanced displays, and quantum computers
[1-3]. Such nanophotonic elements are designed to manipulate light based on the geometry
and material composition of nanoscale features. One particular area is metasurfaces, which are
engineered nanophotonic elements with sub-wavelength features that can precisely control phase,
amplitude, and polarization of light [4-6]. Recent work has demonstrated perfect absorbers
[7], super-lenses [8], and polarization imaging [9], which can have applications in the field of
flat optics. Another type of photonic nanostructure is photonic crystals, which have periodical
index function in one, two, or three dimensions [10,11]. Photonic crystals can be integrated into
elements such as ring resonators to enhance optical confinement and control of light propagation,
improving resonator quality factors and enabling precise wavelength filtering in photonic circuits
[12—-14].

Nanophotonic elements can also induce form birefringence, which results in different effective
refractive indices along orthogonal directions [15,16]. As opposed to birefringence observed in
natural crystalline material [17—-19], this anisotropy is caused by a variation in micro/nanoscale
geometry rather than the intrinsic properties. This property is useful in applications such as
wavelength-selective filters, polarizers, and wave plates, where the control of the polarization
state of light is crucial. Recent work has demonstrated sub-wavelength gratings, hole arrays,
and elliptical nanoparticle arrays that exhibit uniaxial birefringence [20-22]. These materials
have two principal refractive indices, namely the ordinary (n,) and extraordinary index (n.). For
instance, sub-wavelength gratings with designed duty cycle and periodicity can exhibit uniaxial
birefringence of 0.225, where n, = 1.120 and n, = 1.345 [22]. While there have been a significant
number of studies on the birefringence of 2D photonic nanostructures, optical birefringence in
3D photonic crystals have also been recently explored [23,24].
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Low refractive index materials are another emerging class of optical materials, and they are
essential for increasing the index contrast in nanophotonic elements [25-30]. One effective
approach to achieving low indices is by fabricating nanolattices with high porosity, which
have demonstrated excellent optical and mechanical properties [31-36]. Such high-stiffness,
low-index nanolattice can be used as building blocks to create multilayer photonic elements
such as antireflection coating and dielectric reflector [36,37]. However, in previous work these
nanolattice materials have been assumed to be isotropic, which can be inaccurate depending on
the unit-cell geometry. A recent study has indicated that the measured refractive index can depend
on the incident angle [38], which points to potential anisotropic material behavior. Therefore, the
optical anisotropy in nanolattices is not well understood and requires further investigation to fully
exploit their potential in photonic applications.

In this work, we demonstrate the design, modeling, and characterization of uniaxial bire-
fringence in ultra-low index, highly porous 3D nanolattices. The control of ordinary and
extraordinary refractive indices is achieved through precise engineering of the unit-cell geometry
in the in-plane and out-of-plane directions. By leveraging the unique properties of these porous
structures, we enable tailored optical anisotropy and understand the relationship between lattice
geometry and birefringence in low-index materials. The fabricated nanolattices characterized
using spectroscopic ellipsometry using an anisotropic Cauchy material model and exhibits
positive uniaxial birefringence. The nanolattices can be approximated as an anisotropic film
using FDTD method, where the reflection is simulated to extract the indices using an iterative
algorithm. The experimental results indicate that the birefringence scales with the anisotropy in
the unit-cell geometry, which is confirmed by the simulation model. The highly porous nature
and tunable optical properties of these lattices make them ideal for applications like anti-reflective
coatings, optical cloaking, and polarization-sensitive elements. Our research goal is to use these
lattices as low-index material for building multilayer photonic structures, such as high-efficiency
Bragg reflectors with minimal layers [33]. However, understanding and controlling birefringence
in these structures is critical, as uncontrolled anisotropy can degrade performance in applications
requiring uniform optical properties across different polarization states. This work thereby
improves the understanding of anisotropy in nanolattices and can lead to important applications
in multifunctional nanostructures, nanophotonic elements, and wearable display.

2. Experimental methodology

2.1.  Numerical modelling and design of anisotropic nanolattices

The geometry of a nanolattice material with isotropic and anisotropic material properties are
illustrated in Fig. 1. Here the idealized isotropic nanolattice is shown on the left, which has

Isotropic Anisotropic
nanolattice nanolattice
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Fig. 1. Schematic of an ideal isotropic lattice with uniform periodicity in all three directions
vs an anisotropic lattice with cylindrical elements.
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a similar volume fraction of the solid phase in all three directions. On the other hand, the
anisotropic nanolattices consist of cylindrical elements that are vertically aligned, which can
lead to different indices along the out-of-plane (7.) and the in-plane directions (n, and n,). The
depolarization factor is a measure of how the electric field is distributed within the unit cell when
light passes through the material. For a cylindrical unit cell, the depolarization factor will be
lower along the long axis compared to the shorter axes. This is because the electric field can
more easily polarize along the elongated direction, leading to a higher effective refractive index
along that axis. Conversely, along the shorter axes, the depolarization factor is higher, resulting
in a lower effective refractive index. As the degree of anisotropy increases, the birefringence
between the orthogonal directions is expected to increase. The key geometric parameter is the
unit-cell geometry of the nanolattice, which can include the period, duty-cycle, and feature width
in the two directions.

The nanolattices studied in this work is fabricated using 3D colloidal phase lithography, which
has been previously reported [38—40]. In this approach, self-assembled polystyrene nanospheres
assembled on photoresist act as near-field phase mask for volumetric lithography. The resist
pattern is then used as a sacrificial template for atomic layer deposition (ALD), which upon
removal can result in a porous nanolattice film. More information about the fabrication process
is described in Supplement 1 A. The unit-cell geometry of the nanolattice is determined by the
lithography step, where the 3D intensity patterns can be modeled by the Talbot effect. In this
system the intensity patterns repeat along the z direction with the axial distance given by the
Talbot distance z;. The normalized Talbot distance is given by [40,41],

R e —— (1)

A q- m
where the parameter y = A/nA is the normalized wavelength to the period ratio, A is the wavelength
of light used, n is the refractive index of the photoresist, and A = DV3/2 is the lattice period,
with D as the diameter of nanospheres. The normalized Talbot distance is governed by the
unitless y parameter, which also influences the number of diffraction orders and sub-image planes
generated. For vy > 1/4/3, only O™ and 1% diffraction orders are propagating, resulting in simple
periodic patterns without repeating sub-image planes. It can also be noted from Eq. (1) that at
higher y the normalized Talbot distance approaches unity and the axial and the lateral periods
are similar (z; = A), resulting in a more isotropic behavior. At lower 7y, the axial period can be
much larger than the lateral period (z,>A), which can give rise to optical birefringence.

A more detailed model is performed using finite-difference time-domain (FDTD) method
(ANSYS Lumerical) to predict the unit-cell geometry for different y parameters, as illustrated
in Fig. 2. In this simulation the intensity pattern is calculated for an array of nanospheres with
500 nm diameters illuminated with wavelength of 140 nm at normal incident angle, resulting
in y =0.2. The simulation has periodic boundary conditions along the x and y directions and
perfectly matched layer (PML) in the z direction. The simulated 2D and 3D views of the intensity
patterns are shown in Fig. 2(a) and 2(b), respectively. From these patterns, a binary resist model

Fig. 2. Numerical modeling of lattices using FDTD at y =0.2. (a) 2D intensity pattern view
obtained from FDTD monitor. (b) 3D Intensity profile of photonic interaction with resist.
(c) Binary resist model utilized to replicate the exposure at threshold of 0.5, (d) surface
extraction algorithm to mimic ALD to obtain thin-shell nanolattice post resist removal.
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is used to predict the patterned photoresist structure, as shown in Fig. 2(c). In this model any
photoresist regions exposed with intensity above a normalized intensity threshold value of 0.5 is
assumed to be fully dissolved while regions below are unexposed, which predicts the resulting
3D structure. Finally, a shell extraction algorithm utilizes cells with the expected ALD thickness
on all surface areas, thereby creating a thin-shell model as shown in Fig. 2(d).

Using the simulation models, nanolattices with different optical anisotropy can be designed
for different y. For illustrative purposes, the simulated nanolattice geometry for y values of
0.2, 0.4, 0.6, and 0.8 are shown in Fig. 3, which corresponds to a constant sphere diameter of
500 nm exposed with 140, 280, 420, and 561 nm wavelength. The simulated intensity patterns
along the x-z plane are shown in Fig. 3(a). The predicted thin-shell nanolattices using the binary
resist model for the corresponding y parameter are shown in Fig. 3(b). Note that the decrease
in y parameter again results in lattice geometry that is more anisotropic. The observed Talbot
distances z; from the FDTD model are 4.25, 2.05, 1.35, and 0.85 um for y parameter of 0.2, 0.4,
0.6, and 0.8, respectively, similar to the theoretical values of 4.29, 2.08, 1.30, and 0.87 um using
Eq. (D).

y=0.2 y=0.4 y=0.6 y=0.8

s

(a)

(b)

Increase in Anisotropy

Fig. 3. (a) FDTD simulation of intensity distribution along the x-z plane of y=0.2, 0.4, 0.6,
and 0.8, resulting in different unit-cell geometries. (b) Predicted nanolattice structures for
the corresponding y with 19.3 nm Al,O3 shell thickness.

The theoretical effective refractive indices and birefringence of the nanolattices can be modeled
using FDTD by comparing the reflectivity of the structure to those from an anisotropic thin
film. Here the nanolattice model consists of the simulated Al,O3 nanolattice, as illustrated
in Fig. 3, with 800 nm height on silicon substrate. The anisotropic film model consists of a
homogeneous film with unknown indices ny, ny, and n,. The initial values of refractive indices
are set to the same constant value of 1.0424, which is obtained an isotropic material model
constructed in our previous work [12]. For both nanolattice and thin-film models, a planar wave
with wavelength of 325 nm is directed along the z-axis at incident angles of 0° to 90°for both
TE and TM polarizations. The boundary conditions are set to have Bloch wave for both x and
y directions and PML for the z direction. The reflectivity along different angles of incidence
for the nanolattice structure is first simulated, which serves as the reference. The n,, ny, and
n, of the anisotropic thin-film model are then updated iteratively until the resultant reflectivity
matches those of the nanolattice structure. The convergence of the two models indicates that
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the anisotropic thin-film model accurately captures the effect of the birefringent nanolattice
structures. The final indices are reported as the calculated refractive index predicted using FDTD
model, as described in subsequent sections.

2.2. Fabrication of birefringent nanolattices with low refractive index

The birefringent nanolattices are fabricated using 100 mm silicon substrates, which are coated with
100 nm of antireflection coating (ARC) (i-con-16, Brewer Science) to reduce back reflection. An
800 nm thick layer of positive-tone photoresist (PFi-88A2, Sumitomo Chemical) is coated using
spin-coating. Polystyrene spheres with varying diameters of 390, 500 and 750 nm are assembled
on the photoresist using Langmuir-Blodgett transfer method. The polystyrene nanospheres (2.5%
aqueous solution, Polysciences) form a monolayer of hexagonally closed packed structures, which
acts as a near-field phase mask for lithography. The photoresist is exposure using a HeCd laser
with wavelength of 325 nm and a nominal dose of 90 mJ/cm?. Post lithography, the nanospheres
are removed by ultrasonication in deionized water, followed by development (Microposit CD-26).

The fabricated 3D photoresist nanostructures are used as template for conformal deposition
using ALD (Savannah TM 200, Cambridge). Trimethyl aluminum and de-ionized water are used
as precursors and half-reactions between these precursors result in formation of a self-limiting
layer of Al,O3 over the 3D resist pattern. The samples are deposited with differing number of
cycles of ALD, to investigate the influence of shell thickness on the refractive indices. Each cycle
deposits about 1.1 angstrom of Al,O3. Post ALD process, the samples are subjected to thermal
desorption in a temperature-controlled furnace to 550°C.

The fabricated nanolattice structures are shown in Fig. 4. Here the cross-sectional scanning
electron microscope (SEM) images of the fabricated samples using 390, 500, and 750 nm are
shown in Fig. 4(a)-(c), corresponding to for y =0.59, 0.46 and 0.31, respectively. The unit-cell

- i) Ve D ek B

Fig. 4. Cross section SEM images of (a) 390 nm (y = 0.59) (b) 500 nm (y = 0.46), and (c)
750 nm spheres (y =0.31) with 800 nm resist height. Higher magnification images of (d)
v=0.59 (e) y =0.46, and (f) y =0.31. Simulated intensity patterning using FDTD for (g)
v=0.59, (h) y=0.46, and (i) y =0.31.
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geometries of the different nanolattices are shown in the higher-magnification images depicted in
Fig. 4(d)-(f). Here it can be observed that the nanolattice with lower y =0.31 is more cylindrical
and is expected to exhibit a higher degree of anisotropy, as shown in Fig. 4(f). On the other
hand, the unit-cell geometry for y =0.59 is more isotropic with a more uniform distribution of
material in the out-of-plane and in-plane directions, as shown in Fig. 4(d), which confirms that
the increase in y parameter results in anisotropy. It is also observed that the intensity profiles of
the samples from design and experimental results match closely, as observed from Fig. 4(g)-(i).
It is important to note that while marginal variations in lattice heights can be observed, there are
no systematic collapse of the nanolattices.

The normalized Talbot distance of the fabricated structures is plotted vs the y parameter,
as shown in Fig. 5. In can be noted that as y decreases, the lattice geometry becomes more
elongated in the depth direction. The Talbot distance can be experimentally determined by
observing the repetitive patterns in the SEM images. For images with resist thickness less than z;,
the distance between fractional-image planes can be noted and multiplied to obtain the Talbot
distance. Though this leads to a high error bar, the experimental trends match well with the
FDTD models as shown from Fig. 5.

25
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. . Experimental
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Fig. 5. The normalized Talbot distance vs vy parameter for the fabricated nanolattice samples
(standard deviation of 0.00023). The predicted values using the analytical and FDTD models
are also shown.

2.3. Experimental characterization of nanolattice birefringence

The optical properties of the nanolattices are characterized using spectroscopic ellipsometry (JA
Woolam ellipsometer-M-2000DI). To model birefringent behavior accurately, a biaxial Cauchy
model is used to describe the refractive indices n(1), ny(1), and n,(1). This model results in
three identical Cauchy models that will describe the indices along orthogonal directions, which
are simultaneously fitted for. For comparison, the index of the film was also measured using an
isotropic model of the film with a single Cauchy material model along all three directions, namely
ny(A) = ny(A) = ny(1). The nanolattice film is characterized by a 450 to 1650 nm wavelength
at incident angles of 40 to 70 degrees. The MSE values tend to vary between 11.7 and 27.3,
indicating convergence of the calculated index values, and these samples were measured at 10
different spots to obtain a standard deviation of 2.3 X 10~* over a single sample. More details of
the ellipsometer measurements and uncertainty are described in Supplement 1 B.
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3. Results and discussion

3.1. Ellipsometry characterization for anisotropic Cauchy behavior for nanolattices

The measured n,, ny, and n, for the nanolattice samples are shown in Fig. 6. Here the nanolattice
sample has y =0.31 and with 213 cycles of ALD, corresponding to 19.3 nm shell thickness. The
measured indices using the isotropic and anisotropic Cauchy models at different incident angles
are shown in Fig. 6(a) and 6(b), respectively. It can be noted from Fig. 6(a) that an increase
in incident angle changes the measured index, indicating that the material is sensitive to the
light polarization direction and that the isotropic model is not accurate. On the other hand, the
measured indices using the anisotropic model changes less with incident angles, as shown in
Supplement 1 B. The standard deviation of the indices at 633 nm for 30, 40, 50, 60, and 70
degrees is measured to be 5.4 x 107> for the anisotropic model, whereas it is almost two orders
of magnitude higher at 2.0 x 1072 for the isotropic model. It is noted that the measured n, and
ny are very similar and within 1 x 1073 of each other. This result indicates that the index is the
same in the in-plane directions, which is expected given the hexagonal symmetry of the structure.
Moreover, from the insert of Fig. 6(b), it can be noted that the n, values are marginally higher
than n, = n, values, thereby indicating that the nanolattice behaves as a positive uniaxial crystal.
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Fig. 6. Measured refractive indices vs wavelength for different angles of incidence for
y=0.31 using (a) Cauchy isotropic (standard deviation of 2><10_3) and (b) anisotropic
models (standard deviation of 5.4 x 10~5). The insert in (b) shows the birefringence observed
over a range of wavelengths with two distinct indices along the in-plane and out-of-plane
directions (red and blue lines).
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The measured indices for all the fabricated nanolattices with various y versus wall thickness
are plotted in Fig. 7(a). It can be noted that as the number of cycles of ALD increases, there
is a corresponding increase in the measured indices for all y. Moreover, an increase in the
y parameter for a constant shell thickness results in an increase in the refractive index. Both
trends can be attributed to the increased volume fraction of deposited Al,O3 for nanolattices
with smaller periods. It can also be noted that the n; values are marginally greater than n, = n,.

& @ &
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E +n,(y=031) + n(r=046) 4 n (y=0.59)
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0
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Number of ALD cycles

Fig. 7. (a) Variation of birefringent refractive indices with number of cycles of ALD for
different periodicities (standard deviation of 0.00023). (b) Influence of periodicities and
number of cycles of ALD on birefringence of nanolattices. The dotted lines represent the
model with reflection convergence for birefringence using FDTD.

The birefringence can be calculated as 4n =n, — n,, as shown in Fig. 7(b). It can be noted
from this result that the reduction in y results in higher birefringence, reaching a maximum
4n=0.0026 for y =0.31 at 213 ALD cycles. Moreover, the increase in shell thickness of low y
samples results in an increase in birefringence, as seen from the trend fit for y =0.31. However,
there is no significant change in birefringence observed when the shell thickness is increased for
v =0.59. The variation of birefringence versus y can also be observed from Fig. 5(d), wherein
the cross section of v = 0.59 appears more isotropic, compared to cylindrical structures from the
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cross section of Fig. 5(f) representing y = 0.31. It is important to the measured birefringence
is small given the low index nature of the nanolattice and can be potentially increased at lower
porosity. An alternative method for birefringence calculation using FDTD is by extracting the
relative phase of the transmitted electric fields below the nanolattice. The calculated birefringence
using this method agrees with the reflection model with a maximum deviation of 3 x 1074, as
detailed in Supplement 1 Section D.

The relationship between the nanolattice birefringence and y parameter is established in Fig. 8.
The orange data points indicate the experimental data obtained from spectroscopic ellipsometry
for the y values of 0.59, 0.46, and 0.31, which are exponentially fitted by the dotted line. The
predicted birefringence using the FDTD model is also illustrated and matches closely to the
experimental data. Here it can be observed that the birefringence increases at lower y values,
which can be attributed to higher structure period in the out-of-plane vs in-plane directions. This
is reflected in the normalized Talbot distance, z7/A, as shown in Eq. (1). This data indicates that
the birefringence in nanolattices can be controlled by designing the lattice geometry.

0.0035
= 0.003 Experimental
| Experimental fit
£ 0.0025 — FDTD Model
3 0.002
c
g,, 0.0015
= 0.001
2
w 0.0005

0
0.1 0.3 0.5 0.7 0.9

Gamma (y)
Fig. 8. Variation of birefringence with change in gamma parameter at 213 cycles of ALD.

3.2. Reflectivity analysis of birefringent nanolattice film

The measured and modeled reflectivity of the nanolattice film for v =0.31 at different incident
angles are shown in Fig. 9. The experimental data is measured using a 633 nm laser linearly
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Fig. 9. Measured and predicted reflectivity versus different angles of incidence for y =0.31.
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polarized in TE and TM modes at different angles of incidence and compared with the thin-film
and nanolattice models calculated using FDTD methods, as discussed earlier. It was noted that
an increase in reflected power results in corresponding increase in angle of incidence for the
nanolattice for TE polarized light till it reached 100% reflectance at near-90-degree incidence
angle. Whereas for TM polarized light, the reflectance values reached a minimum at Brewster
angle, followed by a rapid increase to 100% at near-90-degree incidence angle. This trend can
be observed in the experimental results, which match both models well. Some errors can be
observed at higher incident angles, which can be attributed to the defects in the nanolattice
samples using the larger laser spot footprint on the samples. Moreover, the predicted indices from
the models can vary from the experimental data due to the non-systematic structural collapse,
formation of cracks, aggregation of nanospheres, and dust particle deposition. All these defects
cause a change in volume fraction in the nanolattice, resulting in variation of the experimental
data to the models.

4. Conclusion

This research presents the design, modeling and fabrication of nanolattices with positive uniaxial
birefringent behavior. The optical anisotropy depends strongly on the unit-cell geometry, which
can be altered by varying the relatively periods in the longitudinal and axial directions as
government by the y parameter. The fabricated nanolattices with y =0.31, 0.46, 0.59 are
characterized with spectroscopic ellipsometry using a biaxial Cauchy model and shows that
the out-of-plane #n, is higher than the in-plane indices n, and n,, which are similar given the
symmetry of the lattice. The refractive indices of the nanolattice can be predicted using FDTD
methods and an iterative model, which match the experimental data well. It was noted that an
increase in y parameter resulted in reduction in optical anisotropy and the birefringence as well.
The highest birefringence is measured for y = 0.31, and has a value of 0.0026, for n, =1.0438
and n; =1.0465. In contrast, nanolattice with y = 0.59 has the lowest birefringence of 0.0011,
highlighting the important role vy plays in nanolattice anisotropy. This research demonstrates
that anisotropy in nanolattices can be designed and can find applications in photonic integrated
circuits, advanced AR/VR displays, and OLEDs.
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