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Abstract: We computationally study two-layer motheye nanostructures fabricated on MgAl, Oy
spinel ceramic windows. We investigated the parameters of the structure, including height, width,
and shape, in order to optimize its power transmission efficiency over a broad bandwidth. We
found a two-layer motheye structure in which the cones of the upper structure have a concave
shape that can theoretically achieve more than 99.8% transmission at normal incidence in the
wavelength range between 0.4 um and 5.0 pm.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Motheye structures are periodic sub-wavelength structures that act as anti-reflection (AR) surfaces
by gradually changing the effective refractive index at the interface between two optical media
[1-3]. They were first observed in nature by Bernhard in the eyes of night-flying moths [4].
Motheye structures have been fabricated on optical surfaces using interference lithographic
techniques [5-8]. Busse et al. [9] have reported the damage threshold of MgAl,O4 spinel ceramic
windows with motheye AR surfaces (10 J/cm?) can be significantly larger than the damage
threshold of traditional AR-coated surfaces (4.5 J/cm?) at 1.06 pm [9]. Motheye structures are
useful in a number of applications, including increasing sunlight readability [10] (visible light),
automotive glass [11] (visible light), laser systems [12] (visible to mid-infrared), fiber optics [13]
(visible to mid-infrared), and photovoltaics [14,15] (ultraviolet to infrared).

One-layer motheye structures were first used 40 years ago for solar cell applications [2].
While periodic, one-layer motheye structures have proved successful in many applications [16],
they are typically limited in bandwidth. In order to increase the bandwidth, it is necessary to
use more complex structures [16], including random structures [9,17—19] or double-layered or
double-textured structures [19—25]. We note that both strategies are commonly used in nature
[16]. While the body of work on these more complex structures has grown significantly in the
past five years, there has been relatively little work aimed at exploring their theoretical potential
and limits. In this work, we use the finite-difference time-domain (FDTD) method [26-31] to
computationally investigate the benefit of adding a second motheye layer on top of the structure
that was investigated by Busse ef al. [9] and to optimize its performance. In contrast to the
one-layer structure, whose transmission spectrum only exceeds 90% over a limited range between
0.9 ym and 2.4 um, our optimized two-layer structure achieves 99.8% transmission over the
wavelength range between 0.4 ym and 5.0 gm. While similar performance can be achieved at
least at normal incidence using the quarter-wavelength rule with multilayer AR coatings [32-36],
this approach requires a large number of layers.

In prior work [25], we optimized the top width, the bottom width, and the height of the upper
pyramids in a two-layer motheye structure. In this paper, we extend our prior work and present
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a detailed study in which we find the parameters for an optimized structure with concave and
convex cones on the top layer. While the full theoretical limit may not be achievable in practice
with current fabrication technology, our research provides guidance for experimentalists to design
and fabricate spinel ceramic windows that have high transmission over a broad bandwidth.

The rest of the paper is organized as follows: In Sec. 2, we introduce our computational model.
In Sec. 3, we compute the transmission spectra for baseline structures against which to compare
the improved transmission spectra of the more complex two-layer structures that are studied in
the subsequent sections. In Sec. 4, we focus on simple truncated-cone structures that are placed
on top of the lower layer. We calculate the transmission spectra as the cone parameters vary and
find parameters that maximize the transmission spectra. In Sec. 5, we consider more complex
structures, and we show that is possible to further increase the transmission by using concave
cones in the upper layers. Finally, Sec. 6 contains the conclusions.

2. Computational model

In Fig. 1, we show a schematic illustration of our computational model. In our studies, we
placed four cones with a circular cross section on top of the lower layer, which is a square,
truncated pyramid. They are positioned so that they touch the edges of the upper square on
the lower layer. The parameters of the lower layer are equal to the experimental values in [9]:
Wi =0.3 um, W, = 0.6 um, and H = 0.58 um. We used cones in the top layer, since they are
more commonly used than pyramids in motheye structures [16]. Additionally, cone structures
have higher transmission than pyramid structures [25]. The refractive index n that we use in
our simulations is obtained from the dispersion relation for MgAl,O4 spinel [37,38] and varies
between 1.723 at A = 0.5 um and 1.596 at 4 = 5.0 um. We considered heights /4 as large as
4 um, which in this limit correspond to tall, thin structures, as shown in Fig. 1. We have not
considered the mechanical or the fabrication difficulties in making these structures. Thus, our
work corresponds to the theoretically possible upper limit.

W2 -

-

H

W,
Top view (Zoomed in) Side view 3D view

Fig. 1. Schematic view of a two layer motheye structure.

We calculate the power transmission spectra for MgAl,O4 spinel ceramic windows using
the FDTD method [26-31]. We use the MEEP implementation that is freely available under
the GNU General Public License [39]. In our computations, a broadband pulse is normally
incident on our structures from above (air). We calculate the transmission and reflection spectra
by taking a harmonic transform of the time-domain flux through surfaces lying above and below
the two-layer motheye structures. We use a spatial resolution of 5 nm for all simulations, and we
take advantage of the periodicity of our system to reduce the computational grid to the region
that we show schematically in Fig. 2. The system that we consider is hexagonally symmetric, and
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the unit cell has dimensions: S, = 0.8 um and S, = \/§Sx = 1.39 um, in agreement with [9]. We
have increased the resolution and found that the results remain the same, which indicates that our
results have converged. With our current structure, we also ran additional simulations and found
that transmission is polarization insensitive within the numerical error.
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Fig. 2. Top view of a computational unit grid (red dashed line).

3. Baseline structures

In Fig. 3, we show the power transmission spectra for a one-layer motheye structure that is
consistent with the experimental values in [9], but where the contribution of an untreated
second surface in a transmission measurement has been removed. Some prior work shows
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Fig. 3. The simulated power transmission spectra for a one-layer motheye structures with
Wi =0.30 um, W5 = 0.60 um, and H = 0.58 um (red curve); experimental data for a
one-layer motheye structures with W; = 0.30 ym, W5 = 0.60 um, and H = 0.58 um (yellow
circles); two-layer motheye structures with w; = 0.01 um, wp =0.20 um, # = 4.0 um, W =
0.40 um, W5 = 0.60 um, and H = 0.39 um (blue curve); and untreated surface (purple
curve).
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the transmission through one input motheye surface [4,5,7,8], while other prior work shows
transmission through both an input and output surface [6,9,11]. In this work, we consistently
show the transmission through just the input motheye surface. The yellow circles and red curve
in Fig. 3 show the experimental results from [9], which have been divided by 0.93 to remove the
effect of an untreated output surface, and we show our simulation results for a single motheye
surface with W; = 0.30 um, W, =0.60 um, and H = 0.58 um. We find good agreement between
the simulation and experimental results. We also show simulation results for a two-layer motheye
structure with w; = 0.01 um, wy = 0.20 um, 2 = 4.0 yum, W; = 0.40 um, W, = 0.60 um, and
H = 0.39 um. The two-layer structure has almost perfect transmission.

4. Simple cone structure

We first consider a simple cone structure for the upper layer in which the radius of the circular
cross section decreases linearly from bottom to top. We explored values of wy that vary from
0.01 gm to 0.20 um, values of w; that vary from 0.05 pum to 0.20 um, values of 4 that vary from
0.5 um to 4.0 um, and values of H that vary from 0.2 ym to 0.5 ym. In simulations that we
show here, we kept W = 2w», and we set W> = 0.60 um, which corresponds to the experimental
results in [9]. We carried out additional simulations, not shown here, in which we varied Wi,
holding w, constant, and we found that W; = 2w, is optimal. We also varied W, by 0.1 um, and
we found that our optimized structure still yield similar results with an average transmission
higher than 99.8%. The transmission spectrum is largest with the broadest bandwidth when
wi =0.01 um, wr = 0.20 um, A = 4.0 um, and H = 0.39 um. In effect, it is desirable to fill the
base of the lower layer as completely as possible with cones that are as sharp as possible. We
explored heights that are greater than H = 0.39 um, as we show for H = 0.5 um, but the results
only change slightly at greater heights. It is desirable to have sharp cones and a high base, but
our results also show that there are limits beyond which further increasing 7 and H yields little
improvement.

‘We now examine in turn the change in transmission spectra as we allow wy, wy, h, and H to
vary from their optimum values.

4.1. Top width

In Fig. 4(a), we show the transmission spectra when we vary wj. As the top width increases
from w; = 0.01 um to w; = 0.20 um, the average transmission spectrum decreases in the entire
wavelength range by more than 1.3%, and the minimum transmission spectrum decreases by
more than 1.2%.

4.2. Bofttom width

In Fig. 4(b), we show the transmission spectra when we vary wy. As the bottom width increases
from w, = 0.05 um to wy = 0.20 um, the average transmission increases by 0.5%, and the
minimum transmission increases by 0.4%.

4.3. Height

In Fig. 4(c), we show the transmission spectra when we vary h. As the height 4 increases from
h =05 umto h = 4.0 um, the average transmission increases by 0.5%, and the minimum
transmission increases by 0.6%.

4.4. Base height

In Fig. 4(d), we show the transmission spectra when we vary H. As the base height H increases
from H = 0.2 ym to H = 0.5 um, the average transmission increases by 0.7%, and the minimum
transmission increases by 0.5%.
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Fig. 4. Power transmission spectra with varying device dimensions: (a) wp = 0.20 um,
h =40 um, H = 0.39 ym, with wy varying from 0.01 to 0.20 um; (b) w; = 0.01 um,
h =4.0 um, H = 0.39 um, with wy varying from 0.05 to 0.20 um; (c) w; = 0.01 um,
wy = 0.20 um, H = 0.39 um, with & varying from 0.5 to 4.0 um; and (d) w; = 0.01 um,
wy = 0.20 um, h = 4.0 um, with H varying from 0.2 to 0.5 um.

Based on the transmission spectra, we conclude that a two-layer spinel motheye structure with
an upper layer that has a narrow top width, broad bottom width, and a large cone height will
have a high transmission spectrum over a wide wavelength range. We can achieve an average
transmission above 99.8% from 0.4 ym to 5.0 um in a two-layer motheye structure that has
dimensions w; = 0.01 ym, wy = 0.20 ym, h = 4.0 um, and H = 0.39 um. The wavelength
below 400 nm is in the ultraviolet (UV) range, which requires a high resolution optical system for
fabrication, and is outside the scope of this paper. To improve the transmission, we may change
the shape of the cones in the upper layer, as we describe in the next section.

5. Varying the cone shape

In this section, we show results when we change the cone shape so that the radius of the cross
section no longer decreases linearly from the bottom to the top. We investigated the convex and
concave shapes that we show schematically in Figs. 5(a) and 5(b), respectively. The radius of the
CONVEX CONES Feonvex 1S given by

1/2
convex — 4 4h 9
and the radius of the concave cones r¢oncave iS given by
wo Wy —Wwi (2 1/2
Tconcave = 7 - T (ﬁ) s 2)

where w is the top width of the upper cone, w; is the bottom width of the upper cone, # is the
height of the upper cone, and z varies from 0 to £, normal to the plane of optical incidence.
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5.1. Convex cones

In Fig. 6, we show the transmission spectra of structures with convex upper cones. In Fig. 6(a),
we fix wo, h, and H equal to 0.20 um, 4.0 um, and 0.39 um, respectively, and we allow w; to
vary. The average transmission decreases by 1% and the minimum transmission decreases by
1.7% as w; increases from 0.01 to 0.20 um; the larger dimension is responsible for a larger
impedance mismatch for light at the interface between air and the top of the upper structure. In
Fig. 6(b), we fix wy, h, and H equal to 0.01 um, 4.0 um, and 0.39 um respectively. The width
wy increases from 0.05 um to 0.20 um, the average transmission coefficient increases by 0.3%
and the minimum transmission increases by 0.4%. A larger w, results in a smaller impedance
mismatch at the interface between the lower and upper structures. In Fig. 6(c), we fix wy, wy, and
H equal to 0.01 um, 0.20 um, and 0.39 um, respectively. The height 4 increases from 0.5 um
to 4.0 um, the average transmission increases by about 0.5% and the minimum transmission
increases by 0.7%. A larger & corresponds to a slower change of the effective refractive index
along z, resulting in a smaller impedance mismatch in the upper layer motheye structure. In
Fig. 6(d), we fix wy, wy, and h equal to 0.01 gm, 0.20 um, and 4.0 um, respectively. The
height H increases from 0.2 um to 0.5 um, the average transmission increases by 0.5% and the
minimum transmission increases by 0.6%.

A O
/ \ WIW2'H

(a) (b)

Fig. 5. Side views of different shapes: (a) convex cone; (b) concave cone.

5.2. Concave cones

In Fig. 7, we show the transmission spectra of convex cone upper structures. In Fig. 7(a), the
width w; varies from 0.01 to 0.20 um, while w;, s, and H are fixed at 0.20 um, 4.0 um, and
0.39 um, respectively. The average and minimum transmission decreases appreciably when wy
is less than 0.10 um. In Fig. 7(b), the width wy varies from 0.05 to 0.20 um, while wy, h, and H
are fixed at 0.01 um, 4.0 um, and 0.39 um, respectively. As is the case with straight-sided and
convex cones, the average and minimum transmission increases as w; increases by 0.6% and
0.4%, respectively. The maximum transmission also shifts towards shorter wavelengths, and
the overall transmission varies less as a function of wavelength. In Fig. 7(c), the height & varies
from 0.5 to 4.0 ym with w; = 0.01 um, wp = 0.20 um, and H = 0.39 um. The average and
minimum transmission increases — in this case by 0.6% and 0.4%, respectively as & increases to
its maximum value. In Fig. 7(d), the height H varies from 0.2 to 0.5 um with w; = 0.01 um,
wy = 0.20 um, and h = 4.0 um. The average and minimum transmission increases by 0.7% and
1.0%, respectively as H increases from 0.2 ym to 0.5 um.

The transmission for the concave cone surface shown in Fig. 7 is higher than the transmission
for the convex cone structure shown in Fig. 6. In Fig. 8, we show both the average transmission
and the minimum transmission over the wavelength range from 0.4 ym to 5.0 um for the concave
cone structure as a function of each quantity’s magnitude. We found that the average and
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Fig. 6. Power transmission spectra for varying parameters of the convex cone two-layer
motheye structures: (a) wy = 0.20 um, h = 4.0 um, H = 0.39 um, with w; varying from
0.01 to 0.20 um; (b) wy = 0.01 um, h = 4.0 um, H = 0.39 um, with wy varying from 0.05
to 0.20 um; (c) wy = 0.01 um, wy = 0.20 um, H = 0.39 pm, with & varying from 0.5 to 4.0
pm; and (d) wy = 0.01 um, wy = 0.20 um, & = 4.0 um, with H varying from 0.2 to 0.5 um.

minimum transmission increase as w; decreases, w» increases, & increases, Wi decreases, or H
increases.

5.3. Comparison

We compare the two-layer concave cone motheye structure to the one-layer concave cone motheye
structure. The insets in Fig. 9 show the structure shapes. The red and blue curves in Fig. 9
show the transmission of the one-layer structure and the two-layer structure, respectively. The
transmission for the two-layer structure is more than 99.8% over the wavelength range between
0.4 ym and 5.0 um. The transmission for the one-layer structure varies between 97% and
99.8% over the same wavelength range with a peak at 1.2 yum. For the blue curve using the
two-layer structure, we used the optimal parameters, for which W; = 0.40 um, H = 0.39 um,
w1 = 0.01 ym, wr, = 0.20 um, and 7 = 4.0 um. We fixed W, = 0.60 um, which is consistent
with current experiments. We carried out a similar optimization for a one-layer structure with
the curved cones and we found that w; = 0.01 ym, wy = 0.60 um, and 7 = 4.8 um yields
the highest transmission. The increased transmission is expected to significantly increase the
damage threshold for the spinel ceramic window. The transmission results show clearly that the
two-layer motheye structure has a significant advantage over the one-layer structure. While the
full theoretical limit may not be achieved in practice with current fabrication technology, our
research provides guidance for experimentalists to design and fabricate spinel ceramic windows
that have high transmission over a broad bandwidth. Fabrication of two-layer motheye structures
is challenging, but there is already experimental work that indicates that it is possible [19-25].
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Fig. 7. Power transmission spectra for varying parameters of the concave cone two-layer
motheye structures: (a) wp = 0.20 um, h = 4.0 um, H = 0.39 pym, with w; varying from
0.01 to 0.20 pm; (b) wy = 0.01 um, & = 4.0 um, H = 0.39 pum, with wy varying from 0.05
to 0.20 um; (c) wy = 0.01 pum, wy = 0.20 um, H = 0.39 pm, with & varying from 0.5 to 4.0
pm; and (d) wy = 0.01 pm, wy = 0.20 um, & = 4.0 um, with H varying from 0.2 to 0.5 ym.
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Fig. 8. The average transmission (solid lines) and minimum transmission (dashed lines) vs.
each quantity’s magnitude when varying w; (blue diamonds), w» (red triangles), i (yellow
pluses), and H (green circles) for concave cone motheye structures under normal incidence
with Wi = 2wy and W, = 0.60 um.
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Fig. 9. Transmission versus wavelength for different optimized structures: a two-layer
structure with concave cones on the top layer (blue curve) and a one-layer concave cone
structure (red curve).

6. Conclusion

We used the FDTD method to computationally study the transmission of two-layer motheye
structures for light that is normally incident on a spinel ceramic window. We first investigated the
effect of changing the top width, bottom width and height of the upper cones, and the height of
the platform in a two-layer motheye structure. We found that the transmission generally increases
when the upper cones have narrow top widths, wide bottom widths and a large height, and when
the platform is high. Next, we found that changing the shape of the upper cones from the regular
cones into a concave cone improves the transmission spectrum. The optimal two-layer concave
cone motheye structure that we found achieves a relatively uniform transmission coefficient,
larger than 99.8% from 0.4 um to 5 um. We also found upper limits for the cone height 4 and
the platform height H beyond which further gains are negligible.

We obtain the highest transmission for tall, thin, pointed structures on a high platform. While
the optimal structures may be difficult to fabricate, our results show that there is a significant
advantage in approaching these structures as closely as possible.
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