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Abstract: We computationally investigate the near-field transmission efficiency of two-layer
motheye structures on SiO; windows. In these structures, a random motheye layer is imposed on
top of a periodic motheye structure that consists of truncated pyramids. We first validate our
simulation by comparing simulation results using a single layer of random pillars to experimental
results. To maximize the transmission efficiency of our two-layer structures over the wavelength
range of 0.4 to 2 um, we used the previously optimized one-layer periodic pyramidal motheye
structures as the bottom layer and we varied the statistical properties of the random pillars on
the upper layer, which include the mean and span of their diameters and the mean and span of
the pillar heights. We determine that the transmission generally increases as the range of the
statistical parameters increases. It is theoretically possible to achieve an average transmission
efficiency of 99.8% over the wavelength range from 0.4 to 2 um by adding a random motheye
layer over the periodic truncated pyramid structure, thereby increasing the average transmission
efficiency by 0.3% over the same wavelength range and reducing the reflection by more than
a factor of two. The large reduction in reflections over a broad bandwidth can be important in
optical systems that rely on minimal reflections.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Motheye structures are periodic, biomimetic sub-wavelength nanostructures that are inspired by
the cornea of certain moth species that have naturally evolved to suppress the reflection of the
incident light [1-5]. Although conventional multilayer antireflective (AR) coatings [6-9] can
achieve a high transmission over a broad bandwidth by increasing the number of layers whose
effective refractive index reduces the impedance mismatch between the air and an optical material
such as a SiO, substrate, motheye structures can achieve a high transmission over a broadband
wavelength range, which makes fabrication relatively simpler by using a single material [10].
Additionally, motheye structures are mechanically and thermally stable [11,12], and research also
shows that polymer coatings can protect motheye structure from physical damages [13]. Both
random and periodic motheye structures have a higher laser-induced damage threshold (LIDT)
than do traditional AR-coated surfaces [14—17]. Therefore, they are useful in many applications,
including automotive glass [18,19], laser systems [20-22], fiber optics [13], and photovoltaics
[23-28].

One-layer periodic motheye structures have proved successful in many applications, but they
are typically limited in bandwidth [29]. Bioinspired compound lenses [30-32] and our previous
work [33] found that adding a second motheye layer can increase the bandwidth over which the
transmission remains large and the reflection remains small. However, adding an extra motheye
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layer that is periodic would require a large improvement in the resolution of today’s fabrication
systems. Recently, it has been found that random motheye structures can suppress reflections and
enhance near-field light transmission [11,16]. In addition, it has been demonstrated that metal or
metallic oxide nanopatterns on top of micropatterns can lower the reflection [34-38]. In this
paper, we numerically study a two-layer motheye structure using a single dielectric material,
in which a random motheye structure is on top of a periodic motheye structure, as shown in
Fig. 1. The goal is to increase the transmission as well as to reduce the reflection. It is possible
to fabricate these structures using current technology. In prior work [39], we computationally
studied the impact of increasing the variation of the diameter and the height, where both are
uniformly distributed about their means within a range of variation that we refer to as the span.
In this paper, we extend our prior work and investigate the near-field transmission efficiency of
double-layer motheye structures that are fabricated on SiO, windows. The structure consists
of a random motheye layer that is imposed on top of a periodic motheye layer that consists of
truncated pyramids. We varied the mean and span of both the height and diameter of the random
pillars in order to maximize the transmission in the wavelength range from 0.4 to 2 um.

4

(a) side view (b) top view of the single unit cell

Fig. 1. Schematic diagram of the pyramid of the two-layer random motheye structure. (a)
Side view of one pyramid with random pillars. (b) Top view of the single unit cell. The red
box indicates the computational window. To better illustrate the pyramid structure, random
pillars are excluded here.

In a one-layer structure, increasing the height of the motheye structures can lead to a higher
transmission. However, there is a limit to the height of the motheye structure beyond which
the transmission does not further increase [40,41]. Having another random layer on top of the
periodic layer will lead to an enhanced transmission over a broader bandwidth. In addition,
the diffraction limit is proportional to the pitch of the periodic pattern [38,42,43]. Making the
structure size smaller would be a direct solution to avoid the diffraction limit. However, it is not
currently possible to fabricate regular structures with the small feature size of a random layer. In
this paper, we only study the near-field transmission before the signal has a chance to diffract.

The remainder of this paper is organized as follows: In Sec. 2, we validate our simulation
for single layer random motheye structures by comparing our simulation results to experimental
results. In Sec. 3, we introduce our two-layer random motheye structure in which a random
motheye layer is imposed on a periodic truncated pyramid motheye layer, both of which can be
fabricated [44]. In Sec. 4, we report our optimization results, and compare the transmission
performance of the two-layer random motheye layers to the transmission performances of the
one-layer periodic and one-layer random motheye structures. To verify that our computational
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window is sufficiently large, we quadrupled our computational window to include four unit cells,
and we show the converged transmission spectrum in Sec. 5. Finally, we conclude in Sec. 6.

2. Comparison with experimental results using one-layer random motheye
structure

Our model was first validated by comparing our simulation results to experimental results using
a one-layer random motheye structure. We used the open-source finite-difference time-domain
(FDTD) software package MEEP that is available under the GNU General Public License [45].
We use a spatial resolution of 5 nm for all simulations in this section. We simulated a portion of
a random motheye structure that has a cross-sectional area of 0.75 um x 0.75 um, as shown in a
top view in Fig. 2(a), and we use periodic boundary conditions. In our study, any light that is
scattered from the structure is included in the reflection. The red box in Fig. 1(b) indicates the
computational window in our simulation. We found that further increasing the computational
window does not significantly change simulation results. It is also sufficient to study a single
polarization of the incoming light, since the results do not depend on the light’s polarization
in random structures, which is the case for most applications [4,46]. The effect of non-normal
incidence has been discussed for example in [4]. We used a broadband plane wave source that
is located on top of random pillars. The glass dispersion in refractive index is also included
in the simulation [47]. We calculated transmission and reflection spectra by taking a Fourier
transform of the time-domain flux through surfaces lying just below and above the motheye
structure. Consistent with the experimental scanning electron micrograph (SEM) data from
Fig. 6 in Ref. [11], we used a uniform random distribution for the diameter that varies between
0.10-0.01 =0.09 um and 0.10 + 0.01 = 0.11 um, so that the mean is 0.1 um and the span is 0.02 um
[11]. We also used a uniform random distribution for the height that varies over the range
0.617 £0.03 um, so that its mean is 0.617 um and its span is 0.06 um. Consistent with the SEM
data, we used 25 pillars that are randomly positioned in our computational window. If we found
that any of the pillars runs into another pillar or a boundary, we generate a new pillar location
until all pillars are inside the computational window without running into each other. Figure 2(b)
compares our simulation results to the experimental results, which were extracted from Fig. 7
in Ref. [11]. We ran 10 realizations of different random structures, and we show the average
reflection in Fig. 2(b) [39]. We also verified that increasing the number of realizations to 20 will
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Fig. 2. (a) Top view of a random structure. (b) Simulation and experimental reflection
spectra on random motheye structures. We use a uniform random distribution for the diameter
with parameters of 0.10 +0.01 um (a span of 0.02 um) and a uniform random distribution
for the height of the pillars with parameters of 0.617 +0.030 um (a span of 0.06 um). The
experimental results are extracted from Fig. 7 in Ref. [11].
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not change the transmission, so that 10 realizations is sufficient. The error bars represent the
standard deviation. The simulations are in very good agreement with the experiments, in which
it was found that the reflection is less than 0.1% at a wavelength of 0.4 um and less than 2%
between 0.4 ym and 1.0 ym.

3. Modeling the random layer on top of the periodic pyramid layer

We next considered a two-layer structure where random pillars are placed on top of the periodic
truncated pyramids, shown schematically in Fig. 1(a). For the bottom layer, we used a structure
of truncated periods that we previously optimized to maximize the average transmission in the
wavelength range of 0.4 to 2.0 um and that can be fabricated [41,48]. For the top layer, we used a
structure of random pillars that can also be fabricated [11,16]. For the bottom layer in which we
used periodic truncated pyramids, we chose a top width = 0.15 um, a bottom width b =0.95 um,
and a height 2 = 0.6 um, consistent with our previous optimization study [41]. Due to the small
dimension of the upper random pillars, we used a minimum spatial resolution of 1 nm in our
simulations. Further decreasing spatial resolution did not significantly change the simulation
results. We averaged the transmission spectra from 10 realizations, and we verified that the results
have converged by comparing to results using 20 realizations. We thereby simulate the behavior
that is expected in an experiment that effectively averages over many unit cells. Figure 1(b) shows
the top view of the computational window of the two-layer random motheye structures, simplified
by excluding the random structures and highlighting the spacing of the truncated pyramids. The
computational window has a dimension of S,= 1.0 um and §, = V38, =1.732 um. The pitch of
the bottom layer is selected based on experiments [16]. The height of the entire computational
window is 8 um, and the perfectly matched layer (PML) [45] has a thickness dpy of 1 um at
the top and the bottom of the computational window. We use a spatial resolution of 5 nm. Each
simulation will stop when the remaining field has a factor of 108 less than the input field. The
output transmission spectrum has a resolution of 0.05 um.

We studied the variation of the transmission as we varied each of the four parameters, the
mean diameter d,,, the span of the diameter d;, the mean height %,,, and the span of the height #;,
keeping the other three fixed. The starting point of the study was the structure with d,,, =0.15 um,
d;=0.08 um, h, =0.5 um, and A; = 0.8 um. We varied the mean diameter d,,, from 0.05 to 0.15
um; we varied the mean height £, from 0.1 to 0.5 um; we varied the span of the diameter d; from
0 to 0.04 um; and, finally, we varied the span of the height 4 from O to 0.4 um. We show the
results in Fig. 3. A maximum of complete 100% transmission is achieved at the starting point of
our study when the wavelength equals 0.98 um. Over the wavelength range that we considered,
0.4 to 2 um, the average transmission increased by at least 0.002 when we varied d,, and h,, and
by 0.001 when we varied d; and h;.

In addition to individual studies in which we varied the spans and the means of the pillar
heights and diameters we studied transmission when the spans and means change together. In
Fig. 4, we show the average transmission when varying the diameter mean d,, and span d; while
the height mean £, and span &, are fixed at 0.5 um and 0.4 um, respectively. We demonstrate
that a larger mean diameter and a larger diameter span will lead to a higher transmission, for the
parameters that we consider to be consistent with the experimental results [11].

In Fig. 5, we show the average transmission when varying height mean 4, and span A, while
the diameter mean d,,, and span d; are fixed at 0.15 gm and 0.1 um, respectively. We do not plot
results when A is larger than A, since these values are unphysical. We find that we can achieve a
higher average transmission with larger mean height and height span.
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Fig. 3. (a) Transmission spectra when varying the mean diameter of the random pillars with
fixed hy, =0.5 um, ds = 0.08 um, and hg = 0.8 um. (b) Transmission spectra when varying
the mean height of the random pillars with fixed d;;, =0.15 um, dy = 0.08 pm, and h; =0.8
pm. (c) Transmission spectra when varying the diameter span of the random pillars with
fixed d;, =0.15 um, hy, =0.5 um, and hg = 0.8 um. (d) Transmission spectra when varying
the height span of the random pillars with fixed d;,, =0.15 um, h;;, =0.5 um, and d; =0.08
um. The parameters dp,, ds, hy, and hy represent diameter mean, diameter span, height
mean, and height span, respectively.
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Fig. 4. Average transmission when varying diameter mean d,, and diameter span d; of the
upper random pillars with fixed A, =0.5 yum and Ay =0.2 um.
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Fig. 5. Average transmission when varying the height mean /4y, and height span /g of the
upper random pillars with fixed d;;, =0.15 ym and dg = 0.02 um.

4. Comparison of the optimal spectra

We now compare the results of the two-layer random motheye structure with the optimized results
of the one-layer periodic motheye structures and the one-layer random motheye structure in Fig. 6.
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Fig. 6. Averaged transmission spectra of (blue) a random motheye structure layer
(dm =0.15 um, dy = 0.08 um, hy, = 0.5 um, and hy = 0.8 um) imposed onto a periodic motheye
structure layer (¢ =0.15um, b=0.95 um, h =0.6 um) of 10 realizations; (red) a one-layer
periodic truncated motheye structure (# =0.15 um, b = 0.95 um, h = 0.6 um); (orange) a one-
layer random motheye structure (dy,;, =0.15 um, dy = 0.08 um, h;,, = 0.5 um, and Az = 0.8 um
of 10 realizations.

Based on the transmission spectra from the previous section, we chose a two-layer random
motheye structure whose upper layer consists of random pillars with a mean diameter of 0.15 um,
a mean height of 0.5 um, a diameter span of 0.04 um, and a height span of 0.4 um. The lower
layer consists of periodic truncated pyramids with a top width of 0.15 um, a bottom width of 0.95
um, and a height of 0.6 um. The two-layer structure yields an average transmission of 99.8% over
a wavelength range of 0.4 um to 2.0 um. We also show the transmission spectrum for a one-layer
periodic SiO; motheye structure that has the same dimensions as the bottom layer pyramids of
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the two-layer random motheye structure; this structure has an average transmission of 99.5%
from 0.4 yum to 2.0 um. In addition, we show the transmission spectrum of a one-layer random
motheye structure that possesses the same parameters as the random top layer in the two-layer
random structure; the average transmission here is 99.5% from 0.4 to 2.0 um. We expect that
larger variations in the upper random layer will lead to an even higher transmission. However, we
used the same random variations in the one- and two-layer structure to have a fair comparison.
We note that these parameters are experimentally achievable [8]. Hence, we conclude that the
two-layer random motheye can achieve a better transmission than the optimal one-layer motheye
structure. Sharp dips in the transmission of the one-layer periodic structure that we attribute to
resonances are effectively smoothed over and disappear when a random layer with a sufficiently
high mean diameter and height with sufficient spans are used.

The transmission difference between 99.5% and 99.8% for the one- and two-layer random
structures may appear small. However, the reflection is reduced from 0.5% to 0.2%, which is
a large difference and can be important for some applications, such as increasing the damage
threshold for high-power fiber lasers [49].

5. Verification of randomness

In order to validate that our computational window is sufficiently large to simulate the average
over many unit cells that is expected in an experiment, we have carried out simulations in which
we quadrupled the size of the computational window. Figure 7 shows the computational window
marked with a green dashed line that is four times larger than the previous computational window
marked by red solid line and now includes four unit cells.

Fig. 7. The computational window marked with green dash lines that is now four times
larger than the previous computational window marked by red solid lines.

The transmission spectra of the quadrupled computational window and the original computation
window are shown in Fig. 8. In both simulations, we averaged the transmission spectrum over 10
realizations. The results for the two computational windows agree, implying that it is sufficient
to use a computational window that consists of one unit cell.
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Fig. 8. The transmission spectra of random motheye structures using a computational
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6. Conclusion

We used the FDTD method to computationally study the near-field transmission of light that is
normally incident on a SiO, glass window with a two-layer motheye structure, where a layer of
random pillars is added on top of a periodic layer of truncated pyramids. We investigated the
effect of changing the mean diameter, the mean height, the diameter span, and the height span
of the random pillars. We found that the transmission generally increases as the randomness
increases, which is the case when the random pillars have a large mean diameter, a large mean
height, and both have large spans. The optimal two-layer random motheye structure has an overall
transmission that is above 99.5%, and the average transmission is 99.8% from 0.4 to 2 um. The
reduction in the average reflection from a single-layer random motheye structure is more than a
factor of two.
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