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Abstract: We present a design optimization of highly transparent glasses
with broadband antireflective subwavelength structures (SWS) based on the
theoretical calculation using a rigorous coupled wave analysis method. It is
found that optical transmission characteristics of SWS integrated glasses are
governed mainly by the zero-order condition considering multiple internal
reflections but not external reflection. By utilizing parabola-shaped SWS on
both sides of the glasses with a period of 200 nm and a height of 200 nm, an
average transmittance of 99.58% is achieved over a whole range of visible
wavelength. Transmission band shrinkage effects of the SWS integrated
glass are also observed with increasing the incident angle of light.
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1. Introduction

In the last few decades, steady efforts have been made to achieve broadband antireflection
characteristics for various optical components. Even though antireflection coatings (ARCs)
using multilayer thin-film stacks are widely used, there still exist many problems associated
with material selection, band limitation, and thermal mismatch between the film and the
substrate [1,2]. Recently, antireflective subwavelength structures (SWS) directly patterned on
a substrate as an alternative to multilayer ARCs has attracted growing interest due to their
ultra-broadband and omni-directional antireflection properties [3—15]. Moreover, water-
repellent surfaces of SWS enable applications in humidity sensitive environments. SWS
surfaces were fabricated on a variety of semiconductor materials, such as silicon, GaAs,
GaSb, GaP, and GaN, to increase the optical efficiency in optoelectronic device applications
including solar cells, photodetectors, and light-emitting-diodes [3—-11]. Additionally,
transparent glasses and polymer films as an optical substrate are essential for displays,
projection optical devices, and eye glasses [12—18]. Although the refractive index of glasses is
not as much as that of semiconductor materials, its discontinuity between air and glass serves
only ~92% of total transmittance, which degrades the performance of optical devices.

To fabricate SWS on glass substrate, many methodological approaches, such as e-beam/
interference lithography, nanoimprint lithography, colloidal self assembly, and metal
nanoparticles, have been developed [12-16]. However, only few theoretical approaches for
SWS integrated glasses were reported. In solar cells and other photosensitive devices, the
incident light experiences external reflection at air-substrate interface. On the other hand, in
glass, the light experiences multiple ‘internal’ reflections to pass through top and bottom
interfaces. This difference is very crucial to determine the period, height and shape of SWS
because the light diffraction from the grating structure depends on the refractive index of the
incident medium. In this work, we designed highly transparent glasses with single and double-
side SWS by considering multiple internal reflections. The period, height and shape of SWS
were optimized to achieve high transmittance over a wide wavelength range using a rigorous
coupled-wave analysis (RCWA) method. For some SWS fabricated on glass substrates, the
experimentally measured transmission data were compared with the results from the
theoretical calculation.

2. Simulations and SWS geometries

First, we have calculated the reflection efficiency for the four kinds of SWS, i.e., nanorod,
truncated cone, perfect cone, and paraboloid, to optimize the SWS geometrically. To calculate
the reflectance of SWS on glass substrate, a three-dimensional RCW A simulation method was
employed. In this calculation, the grating period of SWS was fixed to 100 nm, which is small
enough to obtain only the zero-order diffraction in grating structures, and the height was
varied from 0 to 400 nm. For all structures, a six-fold hexagonal symmetry was used and the
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dispersion of glass (BoroFloat 33, Schomit) was taken into account. The diameter of nanorod
structure was set to 50% of its period. In cones and parabolic structures, it was assumed that
each structure is closely packed. The apex diameter was set to 50% of the base diameter in the
truncated cone. The SWS with cubic or quintic index profile have better antireflection
performances than other structures [19], but these are difficult to realize and so are not treated
here.
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Fig. 1. Contour plot of the calculated reflectance of glass SWS in the shapes of (a) nanorod, (b)
truncated cone, (c) perfect cone and (d) paraboloid as a function of height and wavelength at
normal incidence for a period of 100 nm. The (e)-(h) corresponds to the average reflectance
versus SWS height. The insets of (e)-(h) describe each schematic cross-sectional image.
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3. Results and discussion
3.1. Design and fabrication of single-side SWS integrated glasses

Figure 1 shows the contour plot of the calculated reflectance of glass SWS in the shapes of (a)
nanorod, (b) truncated cone, (c) perfect cone, and (d) paraboloid at normal incidence for a
period of 100 nm. Figures 1 (e)-1(h) corresponds to the average reflectance in the wavelength
range of 300-800 nm as a function of the SWS height. Each schematic cross-sectional image
is also described in the insets of Figs. 1(e)-1(h). The flat surface (height = 0) of glass exhibits
the average reflectance of 3.74% as expected. For nanorod SWS, the reflectance is not much
smaller than that of the flat surface because the nanorod acts as an effective medium that
approximates a single layer thin film. In fact, the optical property of the nanorod with a
subwavelength period is quite similar with that of a single layer antireflection coating. At each
wavelength, there are fluctuations in reflectance as the height increases due to the interference
of light reflected at the top and bottom of the layer. The nanorod shows a low reflectance only
in specific wavelength ranges as can be seen in Fig. 1(a). Thus, the nanorod structure is not
adequate for broadband antireflection applications. In Figs. 1(b) and 1(d), the SWS with
conical shape have lower reflectance than that of the flat surface and nanorod structure. As the
height is increased, the reflectance tends to decrease. This can be explained by the fact that the
effective refractive index is gradually changed. For example, the SWS with perfect cone
provide an average reflectance of 0.10% at the height of 400 nm. The perfect cone is more
favorable to obtain low average reflectance than the truncated cone. However, below ~200 nm
height, the truncated cone shows better antireflection characteristics. This implies that the
rapid change of the effective refractive index rather obstructs the reduction of reflection.
Because the effective refractive index in three-dimensional structures with subwavelength
periods is determined by the volume fraction, the paraboloid has a nearly linear refractive
index profile, which is more efficient to reduce the surface reflection than the cone-shaped
structure. As shown in Fig. 1, the SWS with parabolic shape show lowest average reflectance
among these structures. This parabola-shaped structure with high packing density can be
realized by lens-like shape transfer process [11].
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Fig. 2. (a) Schematic diagram of light propagation for the dual-side SWS integrated glass, and
contour map of the reflectance for (b) the external reflection from the air to the glass and (c) the
internal reflection from the glass to the air as a function of period and wavelength for the height
of 200 nm.
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When the light encounters the front surface of the glass, an external reflection (blue arrow)
occurs only once from the SWS. Subsequently, multiple internal reflections (red arrows)
occur inside the glass, which is similar with a Fabry-Perot etalon. The schematic diagram of
light propagation for the dual-side SWS integrated glass is depicted in Fig. 2(a). In grating
structures, the grating period should be at least smaller than the wavelength of incident light in
order to act as a nonstructured medium. It is important to note that the cutoff limit period is
closely related to the refractive index of incident medium because the angles of the reflected

diffraction waves ,,, in the m-th diffraction are given by the well-known grating equation
[20]:

sind, =m—/1+sin9,., 1)
7 An

where n is the refractive index of incident medium, 6; is the incident angle, and A is the
incident wavelength. In internal reflection, the grating period should be much shorter
compared to the conventional external reflection due to the higher refractive index of glass
than that of air. Figures 2(b) and 2(c) show the contour plots of the reflectance of SWS with a
200 nm height as a function of wavelength and grating period for external and internal
reflections, respectively. In the case of the external reflection, the SWS with the period of 300
nm, which can be easily implemented by the conventional laser interference lithography, are
enough to cover the whole visible wavelength range. However, at least ~200 nm period is
needed in the internal reflection to eliminate the higher-order diffractions in the wavelength
range of 300-800 nm. The gaps of the cutoff period between the external and internal
reflections are 140 nm and 220 nm at wavelengths of 400 nm and 700 nm, respectively. If the
refractive index of the incident medium is increased, these gaps will be significantly widened.
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Fig. 3. Calculated transmittance spectra of single-side SWS integrated glasses with different
grating periods at normal incidence. Calculated transmittance of dual-side polished glass is
shown as a reference.

To investigate the effect of period in SWS integrated glasses, the transmittance
calculations were carried out for SWS integrated glasses with different grating periods. For
glasses with SWS on the top surface, the height of SWS was fixed at 200 nm on 100 um thick
substrate in this calculation. The calculated values at each wavelength were averaged to
remove rapid fluctuations caused by the interference of light reflected at the top and bottom
surface. Figure 3 shows the calculated transmittance spectra of single-side SWS integrated
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glasses with different grating periods at normal incidence. The grating period was varied from
100 nm to 500 nm by a step of 100 nm. For comparison, the calculated transmittance of a
dual-side polished glass is also shown as a reference. The glasses with single-side SWS yield
transmittance of ~96% due to the graded refractive index profiles, while it is only ~93% for
the flat surface. For the periods of 100 nm and 200 nm, the transmittance curves of the SWS
integrated glasses are almost the same, with sustaining high values over a wide wavelength
range of 300-800 nm. Above 300 nm period, however, it exhibited a rapid drop of the
transmittance at specific wavelengths, which is attributed to the higher order diffraction.
Interestingly, the drop points of the SWS integrated glasses with periods of 300 nm, 400 nm,
and 500 nm are ~390 nm, ~510 nm, and ~640 nm, respectively. They are consistent with
cutoff points at each wavelength as shown in Fig. 2(c). This indicates that the transmittance of
the SWS integrated glasses is not dependant on the external reflection but on the internal
reflection.

In order to confirm experimentally the above results, we fabricated the single-side SWS
integrated glasses. For the fabrication of SWS on glass substrate, a diluted photoresist (PR)
was spin-coated on the glass substrate (BoroFloat 33, Schomit). After prebaking on a hot plate
at 90 °C for 90 s, the PR was then exposed twice by the interference of two beams using an Ar
laser operating at wavelength of 363.8 nm to form two-dimensional periodic PR patterns. The
period of the grating can be changed by adjusting an angle of Lloyd’s mirror. For hexagonal
patterns, the sample was rotated by 60 degree between each exposure. After the development,
the PR patterned glass was etched by using reactive ion etcher under the process pressure of
50 mTorr and the rf power of 50 W. CF, gas with flow rate of 50 sccm was used to etch the
glass substrate. After removal of PR and cleaning of the sample, the etched profile of the
fabricated SWS on glass was observed by using scanning electron microscope (SEM). The
optical transmittance at normal incidence was measured by using UV-VIS-NIR
spectrophotometer.

Figure 4 shows the measured transmittance of the fabricated SWS on glass substrates with
periods of 300 nm and 400 nm as a function of wavelength at normal incidence. The inset
shows the 45 degree tilted view of SEM images for the fabricated SWS. Measured
transmittance of dual-side polished glass is shown as a reference, indicating a similar curve
with the theoretical prediction except for the wavelength ranges below ~400 nm. This
difference is caused by the strong light absorption of glasses at wavelengths below ~400 nm.
The gaps of ~0.6% between the calculated and experimental transmittances of glass with flat
surface are probably attributed to the mismatch of refractive indices of the glass used in this
calculation. Because the shape of the fabricated SWS somewhat deviates from ideal geometry,
the measured transmittance is lower than the theoretically calculated results. Despite of this
discrepancy, the tendency (i.e., drop points related to the grating period) is in reasonable
agreement with our expectation. This phenomenon can be found in other literatures [21,22],
but it was not clearly explained. As shown in Fig. 3, the high transmittance characteristics can
be extended even to shorter wavelengths by implementing sub-200 nm period patterning.
Unfortunately, it is difficult to find optimum condition to obtain sub-200 nm period grating
patterns by using laser interference lithography. The SWS with sub-200 nm period can be
fabricated by nano patterning techniques such E-beam lithography, colloidal formation, and
metal nanoparticles.
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Fig. 4. Measured transmittance of the fabricated SWS on glass substrates with different periods
as a function of wavelength at normal incidence. Inset shows the SEM images of the fabricated
SWS on glass substrate with period of 300 nm and 400 nm. Scale bar of SEM images
corresponds to 1 pum. Measured transmittance of dual-side polished glass is shown as a
reference. The dashed lines show the calculated curves.

3.2. Design of dual-side SWS integrated glasses

Nearly 100% transmission of light can be achieved by applying the SWS on both sides of the
glass substrate. Figure 5(a) shows the calculated transmittance of dual-side SWS integrated
glasses with different grating periods at normal incidence. The grating height was fixed to 200
nm in this calculation. Dual-side SWS integrated glasses with below 200 nm period show an
average transmittance of 99.58% at wavelengths of 300-800 nm. Maximum transmittance is
99.99% at 530 nm wavelength as can be expected in Fig. 1(d). Note that, for the periods above
300 nm, there are rapid drops at the same positions as those of the single-side SWS integrated
glasses. These results provide a possibility for wavelength selection simply by adjusting the
period of SWS. To obtain ultra-broadband antireflection property in SWS, taller features as
well as fine structures are needed. Figure 5(b) shows the effect of grating height on the
transmittance spectra of dual-side SWS integrated glasses at normal incidence. Despite
different grating periods, the SWS with the same heights produce the same transmittance
curves above the wavelength satisfying the zero-order condition as shown in Fig. 5(b). At the
height of 200 nm, the transmittance of the SWS maintained over 99.5% at short wavelength
regions, but it decays gradually as the wavelength increases and then goes down to 99% above
750 nm wavelength. When the height is increased from 200 nm to 300 nm, the transmittance
of > 99% is maintained until the wavelength reaches 1100 nm. The dual-side SWS integrated
glass with a period of 200 nm and a height of 400 nm (i.e., aspect ratio of 2) leads to the
average transmittance of 99.84% over a wide wavelength range of 300-1200 nm. From this
point of view, nanoscale hollow tip arrays with a tip height up to 1 um, which are successfully
demonstrated on silicon substrate by several research groups [6,7], are desirable for ultra-
broadband antireflection. In general, the dry etch process for achieving high aspect ratios is
very difficult, especially in glasses and other transparent films. Hence, for a specific
application, the grating period and height should be carefully chosen according to these plots.
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Fig. 5. Calculated transmittance spectra of dual-side SWS integrated glasses at normal
incidence (a) with different grating periods and (b) with different grating heights. Calculated
transmittance of dual-side polished glass is shown in (a) as a reference.

Incident angle of light is also closely related to the zero-order condition as seen from Eq.
(1). When the incident angle is increased, the grating period should be shortened to satisfy the
zero-order condition. Figure 6(a) illustrates the angle dependent transmittance spectra of bare
glass and dual-side SWS integrated glass with a period of 300 nm and a height of 200 nm. The
incident angle is changed from O o to 50° by a step of 10°. In calculation of angle dependent
transmittance, plane waves with a fixed polarization angle of 45° were used as the incident
light instead of a randomly polarized light. As the incident angle increases, the transmittance
of both bare glass and dual-side SWS integrated glass are decreased due to the enhanced
Fresnel reflection. While the angle dependent transmittance for bare glass does not rely on the
wavelength, the transmittance spectra of SWS integrated glass reveals unusual curves below
specific wavelengths. Owing to the decreased cutoff period, the drop points are shifted toward
the longer wavelength. This fact is inevitable and crucial to determine the grating period in the
design of the SWS on glasses considering the spectral band of interest. As shown in Fig. 6(b),
the wavelength shift of 30-40 nm occurs as the incident angle increases by a step of 10°. As a
result, the period of 300 nm is not adequate for angle-independent transparent glasses. On the
contrary, this structure can be used for the purpose of the angle-dependent wavelength
selection. The slope (i.e., wavelength over incident angle) of the SWS with the period of 200
nm exhibits a similar tendency. For the grating period of 200 nm, the whole visible range can
be covered only at incident angles below 40°. Therefore, the SWS with periods of < 200 nm
are required for angle-independent highly transparent glasses.
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Fig. 6. (a) Angle dependent transmittance spectra of bare glass with flat surface (dashed line)
and dual-side SWS integrated glass with a period of 300 nm and a height of 200 nm (solid line)
for 6; = 0, 10, 20, 30, 40, and 50°. Arrows indicate the drop points of each transmittance curve.
(b) Drop points at each incidence angle for the periods of 200 nm (rectangle) and 300 nm
(circle).
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4. Conclusion

In conclusion, we designed the antireflective nanostructures on glass substrates by optimizing
the shape and geometry of SWS for near 100% light transmission in a wide wavelength range.
From the investigation of various SWS geometries using the RCWA simulation, the parabloid
is proved to be desirable for high transparent glasses. For the fabrication of SWS on glass
substrate, the experimental results and theoretical calculations give a reasonable consistency.
The parabola-shaped double-side SWS with a period of 200 nm and a height of 200 nm were
optimized to guarantee over 99.5% transmittance in visible wavelength ranges. Also, it was
found that the period of SWS should be smaller than at least 200 nm to satisfy the zero-order
condition in glasses considering internal reflections. We believe that these results may provide
fruitful insights to design and fabricate the highly transparent materials with SWS and other
related optical devices.
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