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ABSTRACT

We demonstrate the suppression of light reflections at solid-solid interfaces in multilayer thin and thick films using interfacial nanostructures.
The embedded nanostructures have subwavelength features and function as a gradient-index medium to eliminate Fresnel losses induced by
refractive index mismatch between dissimilar materials. Suppressing the interfacial reflection can reduce interference effects in thin films, and
the transmittance measurement of a polymer on a silica substrate demonstrates a two-fold decrease in interference fringe contrast. A thick
multilayer composite consisting of three fused silica and two polymer layers has also been fabricated and demonstrates the enhancement of
optical transmission up to 30% at high incident angles. The effects of the interfacial structure geometry are examined by theoretical models
based on rigorous coupled-wave analysis methods. The experimental results agree well with simulation models, which predicts that further
improvements can be achieved using the optimized tapered profile. This work indicates that interfacial nanostructures can improve the broad-
band and wide-angle response of multilayers and can find applications in thin-film optics, optoelectronic devices, and composite windows.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5097832

INTRODUCTION

In recent years, bioinspired nanostructures have drawn increas-
ing interest because of their novel physical behaviors. An example is
the antireflection (AR) nanostructures inspired by the moth eye,
which can reduce light reflection on material surfaces.1–19 The
surface reflection can be attributed to a refractive index mismatch
at the air-solid interface, which causes Fresnel reflection losses4,5,10

and reduces transmission. The moth-eye structures serve as a
gradient-index medium where its effective index bridges the index
mismatch.1–17 Such an effect operates over a broad wavelength band
and a wide viewing angle, which is advantageous over the traditional
AR coating.17,18 Some methods have been demonstrated, for
example, engineered surfaces can suppress surface reflections by
using electron-beam,5,9 interference lithography (IL),4,12,20 colloidal
assembly,21,22 maskless reactive ion etching,23 and random nano-
structures.24 Another way to achieve a gradient-index AR medium is
the oblique-angle deposition of single and multilayer films with
varying porosity.10,25,26 Beyond reducing reflection, nanostructures
can also be tuned to enhance the surface absorptivity.19 These
advances have many applications in photonics and optoelectronics
devices, such as optical microresonators27 and light-emitting

diodes.28 These advances can also enable anti-glare, self-cleaning
windows,12 improve the device performance of solar cells,29–32 and
enhance light extraction in solid-state lighting.33

While most existing work on AR nanostructures has been
focused on material surfaces, Fresnel losses can also occur between
two solid materials. This is especially important in multilayer thin
films, where multiple interfacial reflections must be considered.
Under coherent illumination, such reflections can interfere and
induce iridescent effects. This can lead to wavelength and angle-
dependent properties, which is undesirable in broadband optical
element and devices. This optical effect can be observed in nacre,
which is constructed from alternating microscale laminates of stiff
and soft materials.34–37 While most research has been focused on
the mechanical properties of nacre such as fracture toughness and
strength, their optical properties are often overlooked. Due to the
difference in refractive indices, reflection losses between the layers
interfere and give rise to the iridescent appearance. While the bril-
liant color is visually pleasing, it leads to undesirable tinted appear-
ance when the layered architecture is used for transparent
substrates. Therefore, the ability to reduce interfacial reflection
losses and interference effect is critical for applications in next-
generation transparent armor.
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In our prior work, we demonstrated that the interfacial reflec-
tion between a polymer film and a silicon substrate can be sup-
pressed using nanostructures by studying the reflectance spectra.38

However, the previous study focused on a single interface, and the
more complex phenomenon of reflections from multiple interfaces
has not been examined. That work also only examined the reflec-
tance spectra, and the question of how the suppression of interfa-
cial reflection affects the broadband transmission remains
unanswered. This is especially important when considering that
reducing light reflection does not necessarily lead to enhanced
transmission, since the specular transmitted order can have losses
due to light scattering from fabrication defects in the multilayer
interfaces. These effects are illustrated in Fig. 1(a), where reflected
orders at each interface can interfere. These losses may be mitigated
by introducing tapered nanostructures at the interfaces, as illus-
trated in Fig. 1(b). The structures emulate as an effective medium
with continuously changing index and bridge the neighboring
refractive indices. These interfacial nanostructures can reduce the
reflections at the interfaces, thereby suppressing iridescent effects
induced by interference and increasing light transmission.

In this work, we report the experimental demonstration of
interfacial nanostructures, as inspired by both nacre and moth eye,
in multilayer thin and thick films to suppress interference effects
and enhance broadband transmission. The structures are fabricated
on fused silica substrates, serving as a template to create a nano-
structured interface by infiltration using different polymer types
and thicknesses. A substrate bonding process is used to stack and
assemble multiple double-side patterned fused silica substrates,
and a thick multilayer composite material consisting of three silica
and two polymer layers have been successfully fabricated.
The wide-angle and broadband optical performance of these struc-
tures was characterized and demonstrates suppressed iridescence
and enhanced transmission. The experimental data agree well with

constructed simulation models based on rigorous coupled-wave
analysis (RCWA) methods.39,40 The results demonstrate that inter-
facial nanostructures are an effective method to mitigate wavelength
and angle-dependent behavior and enhance broadband transmis-
sion in multilayer devices and composite materials.

DESIGN OF INTERFACIAL NANOSTRUCTURES

The optical effects of the interfacial nanostructures between
polymer (npoly = 1.7) and fused silica (nfs = 1.45) are first examined
using RCWA models. The polymer and silica are assumed to be
semi-infinite media to study the reflection efficiency at the inter-
face. Here, the interfacial nanostructures with a linear taper profile
is approximated by discrete 2D gratings with a square lattice and
varying duty cycles from 0 to 1. The simulated total reflection
efficiencies (RT) are plotted in log scale vs the nanostructure height
and period, as shown in Fig. 2. Note that the total reflection
efficiency can include reflected diffracted orders for structures with
larger periods. Here, the x-axis and y-axis are normalized nano-
structure period (Λ/λ) and height (H/λ), respectively.

The reflection efficiency of a planar polymer-to-silica interface
is 0.63% (−2.2 in log scale) at normal incidence, corresponding to
H = 0 in Fig. 2(a). However, for structure height H ¼ 2λ and
period Λ ¼ 0:5λ, the reflection efficiency can be decreased to
0.0021% (−4.7 in a log scale). In this case, the interfacial nano-
structures reduce the reflection loss by a factor of 300. For slightly
shorter structures H ¼ 0:6λ with the same period, which has been
experimentally demonstrated in this work, the reflection efficiency
can be reduced to 0.027% (−3.6 in log scale), roughly a 23-fold
improvement over a planar interface. For larger incident angles
θi = 30°, the reflection efficiency of the planar polymer-to-silica
interface is slightly higher at 1.26% (−1.9 in log scale), as shown in
Fig. 2(b). The reflection efficiency can be reduced to 0.15% (−2.8 in
log scale) for structure height H ¼ 0:6λ and period Λ ¼ 0:5λ. The
reflection efficiency can be further eliminated to 0.030% (−3.5 in
log scale) for nanostructure height H ¼ 2λ with the same period.
Note that while the reflection losses at a single interface between
polymer and silica are generally low, they can be compounded for
multiple layers. In addition, the reflection losses would be signifi-
cantly higher for interfaces with higher index contrast, as discussed
later in this work.

It can be observed that the AR effect is stronger for taller
interfacial nanostructures, which is expected since this creates a
medium with lower index gradient. For a larger nanostructure
period, the reflection efficiency increases and results in intensity
oscillation. This can be attributed to diffraction orders being
no longer evanescent, as marked by the dashed line, resulting in
the interfacial nanostructures not in subwavelength operation. The
first-order diffraction becomes a propagating mode when the struc-
ture period is around Λ ¼ 0:6λ and Λ ¼ 0:4λ for incident angles
θi = 0° and 30°, respectively. It is also interesting to note that while
the structure period has to be subwavelength, having a much
smaller period does not greatly reduce reflection losses. The same
can be said for structure height, which results in lower reflection
but the improvement is incremental. Based on this analysis, we
focus on nanostructure with 250 nm period and 400 nm height,

FIG. 1. Schematic of (a) Fresnel losses and light interference in multilayer films
with alternating materials with planar interfaces. (b) The reflection and irides-
cence can be suppressed using interfacial nanostructures.
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which is expected to exhibit a strong interfacial AR effect in the
visible spectrum.

FABRICATION METHOD AND MATERIALS

The proposed interfacial nanostructures are demonstrated in a
composite multilayer with alternating polymer and fused silica
layers. The structures are patterned using a combination of interfer-
ence lithography (IL), reactive ion etching (RIE), and substrate
stacking, as shown in Fig. 3. First, a fused silica substrate is spin
coated with 13 nm antireflection coating (ARC i-con-7, Brewer
Science) and 250 nm photoresist (PFI-88A2, Sumitomo), as shown
in Fig. 3(a). The ARC film is used to reduce the reflection from the
substrate during lithography. A two-dimensional (2D) pillar array
is then patterned in the photoresist using two orthogonal exposures

in a Lloyd’s mirror IL setup12,41 as illustrated in Fig. 3(b). The
structure has 250 nm period. The pattern is then transferred to the
underlying fused silica substrate using O2 and CHF3 reactive ion
etching (RIE). The photoresist mask is also etched during the
process, yielding the tapered profile as illustrated in Fig. 3(c). After
spin coating a protective polymer film (ProTEK B3-25, Brewer
Science) on the front-side nanostructures, the same process is then
repeated to pattern the backside of the fused silica substrate, as
shown in Fig. 3(d). The ProTek film can be removed in a solvent
solution (ProTEK Remover 100, Brewer Science) followed by O2

plasma etching. This results in a fused silica substrate with subwa-
velength AR structures patterned on both sides. The double-side
patterned fused silica substrates can then be bonded using a
UV-curable epoxy (NOA 170, Norland Optical Adhesive), as
depicted in Fig. 3(e). The sample is cured in UV light with low

FIG. 3. Schematic of fabrication
process. (a) Spin coat ARC and photo-
resist. (b) Pattern 2D pillar array in pho-
toresist using IL. (c) Etch pattern into
fused silica substrate using RIE. (d)
Spin coat ARC and photoresist on
back surface. (e) Bound double-side
patterned fused silica samples using
NOA. (f ) Fused silica/polymer compos-
ite with interfacial nanostructures.

FIG. 2. Simulated 2D contour plots of total reflection efficiency (RT) at a polymer-to-silica interface (npoly = 1.7 and nfs = 1.45) using log scale. The reflection is plotted vs
normalized structure height and period at incident angles of (a) θi = 0° and (b) θi = 30°.
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intensity over an hour to reduce bubble formation. The thickness
of the epoxy is typically on the order of 0.1 mm. This process can
be repeated to construct a thick multilayer silica/polymer composite
material with nanostructures embedded at each interface, as shown
in Fig. 3(f ). Three fused silica substrates, each 0.5 mm thick, have
been bonded to yield a silica-polymer-silica-polymer-silica compos-
ite. Note that each layer in the composite material is relatively thick
compared to the coherent length of ambient light or broadband
lamps, meaning that no interference is expected so that the trans-
mission enhancement can be better quantified.

This fabrication process was also used to pattern a thin single-
layer polymer sample to examine the effect of thin-film interference
on the broadband transmittance. These samples consist of tapered
nanostructures patterned on the front side of the fused silica sub-
strate, as illustrated in Fig. 3(c). A thin layer of photoresist
(Sumitomo PFI-88) of around 750 nm thickness is then spin coated
on the top of fused silica nanostructures. The backside of the sub-
strate is polished but not patterned. These samples, therefore,
consist of a nanostructured polymer-silica interface, while the top
polymer and bottom fused silica surfaces are planar. Here, the film
thickness is less than the coherent length of the spectrophotometer
light source, allowing the study of interfacial reflection by quantify-
ing the thin-film interference effects. Note that these samples serve
a different purpose to the thick multilayer samples described in the
previous paragraph, which consists of tapered nanostructures on
both sides for transmission characterization.

The scanning electron microscope (SEM) images of the fabri-
cated nanostructures on the front fused silica substrate are shown
in Fig. 4. The top view of a 2D pillar array in photoresist after
IL exposure is shown in Fig. 4(a), indicating periodic order in a
square lattice. A few photoresist structure collapses can be seen.
The side-view SEMs of AR nanostructures etched into the fused
silica substrate are shown in Figs. 4(b) and 4(c). The conic profile
of the structure can be observed in the higher magnification image
shown in Fig. 4(b). The large-area uniformity is illustrated in
Fig. 4(c), with some defects due to the residual connection between
the structures. Some nanoscale spikes can also be observed and can
be attributed to the redeposition of the volatile species during RIE.

These results illustrate that the AR nanostructures are well arranged
with 250 nm period and around 400 nm height, as desired. Few
defects as a result of collapsed resist and surface roughness can be
observed. The SEM images of the backside structures indicate a
similar structure geometry and quality.

The optical properties of the thin and thick multilayer stacks
with interfacial nanostructures are modeled using RCWA, where
the tapered nanostructures are approximated by discrete 2D grat-
ings with varying duty cycles. The RCWA model is based on alter-
nating fused silica (nfs = 1.45) and polymer (npoly = 1.70) layers
periodic along both x and y directions. The nanostructures model
is approximated as a square lattice with a period of 250 nm.
Theoretical models for three types of structures at the interface
have been constructed to validate experimental results and evaluate
the effectiveness of the interfacial nanostructures. The first is a
planar model consisting of continuous polymer film on fused silica
substrate layers with no nanostructures. The second describes the
fabricated samples with the nanostructured interface. The structure
geometry and profile are obtained from the SEM images to accu-
rately simulate the fabricated structure shape. The modeled struc-
ture has 400 nm height and 0–0.6 duty cycle. Note that the
fabricated structure height and profile have not been optimized for
AR performance, and taller structures with 700–800 nm height
with more effective tapered profile can be achieved using different
etching masks.10 The third model consists of theoretical structures
with 750 nm height and a linear tapered profile from 0 to 1 duty
cycle, which describes the performance that can be obtained for a
more optimized structure geometry.

RESULTS AND DISCUSSION

The fused silica substrate with a photoresist film was first
characterized to study the thin-film interference effects. The thick-
ness of the photoresist layer is around 750 nm, which can be con-
sidered a thin film. The broadband transmittance of the thin-film
samples with planar and nanostructured interfaces was measured
using a UV-visible-NIR spectrophotometer (Cary 5000, Agilent
Co.), as shown in Fig. 5. The transmittance measurements from

FIG. 4. SEM images of fabricated
samples. (a) Top-view image of 2D
pillar array in photoresist, (b)–(c) side-
view images of 2D taper nanostruc-
tures etched into fused silica substrate.
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450 to 800 nm wavelength for incident angles θi = 0° and 30° are
shown in Figs. 5(a) and 5(b), respectively. Intensity oscillations can
be observed in all of the measurements, which is a characteristic of
interference effects. This is due to reflections from the polymer
surface and the polymer-silica interface, which leads to two-beam
interference. At incident angle θi = 0°, the transmission enhance-
ment for the nanostructured interface is not obvious, as shown in
Fig. 5(a). However, the intensity oscillation is reduced. This can be
attributed to the reduction of reflection at the polymer-silica inter-
face by the nanostructures, thereby suppressing interference effects.
The transmittance measurement for incident angle θi = 30° shows
an average of 5% transmission enhancement for the sample with
the interfacial nanostructures, as shown in Fig. 5(b). It can also be
observed that the intensity oscillation has also been reduced. These
results indicate that the sample with the nanostructured interface
has higher light transmission and less intensity oscillation due to
interference effects.

The interference contrast, or the ratio of the sinusoidal inten-
sity amplitude to the average intensity, can be calculated to quantify
the suppression of the thin-film interference effects. The contrast
describes the degree of interference for the reflected orders and
approaches 0 as the interfacial reflection is suppressed.38 The con-
trast values are determined by first fitting the broadband transmit-
tance data using a second order polynomial to estimate the average
intensity. The difference between the data and the average intensity
can then be calculated to approximate the sinusoidal intensity
amplitudes. The contrast of the experimental data can then be
defined as the ratio of the amplitude to the average intensity. We
focus on the 450–750 nm range, since the sinusoids are not well
defined at the long wavelength limit. The calculated contrast values
for the samples with and without interfacial nanostructures are
plotted in Fig. 6. Since there are multiple maxima and minima, the
highest contrast value is plotted and the error bar represents the

standard deviation of the calculated values. The theoretical contrast
values predicted using RCWA are also plotted. For the nanostruc-
tured interface samples, the structure profile was estimated from
the SEM images. The planar samples were modeled as a semi-
infinite silica substrate with a thin homogeneous polymer layer,
allowing for the calculation of the thin-film interference. The
substrate thickness in both cases is assumed to be longer than the
coherent length of the light source; therefore, the reflections from

FIG. 5. Broadband measurement data for thin polymer film on fused silica substrates with nanostructured and planar interfaces at incident angles (a) θi = 0° and (b)
θi = 30°. The film is a layer of photoresist with 750 nm thickness.

FIG. 6. Measured interference contrast for thin polymer film on fused silica sub-
strates with nanostructured and planar interfaces. The simulations models for
fabricated nanostructure, planar, and ideal linear taper are also shown.
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the backside of the substrates do not interfere. The reflection
efficiencies were modeled using Fresnel equations to account for the
losses in the theoretical transmission. A third model with a linear
taper profile was also included, demonstrating that further interfer-
ence mitigation is possible with improved nanostructures profile.

The experimentally measured contrast data for both planar
and nanostructured interfaces fit well to the simulation models.
These results indicate that the interference contrast of the samples
with interfacial nanostructures can be reduced roughly by a factor
of two compared to those without. The suppression of interference
effects can also be observed at both incident angles of 0° and 30°.
The simulation result also shows that with improved nanostructures
height and profile, the contrast can be reduced further by a factor of
10. These results indicate that interfacial nanostructures are effective
in suppressing the interference effect, which can eliminate iridescent
appearance and wavelength/angle-dependent transmission.

Going beyond the suppression of thin-film interference, the
interfacial nanostructures can also improve light transmission for
thick films. To demonstrate this, we first characterize the transmis-
sion of the double-side patterned silica substrate using a 633 nm
HeNe laser (Model 30995, Research Electro-Optics, Inc.). A rota-
tion stage was used to rotate the sample to change the incident
angles from 0° to 70° with a 1° resolution. For incident angles
larger than 70°, the illumination area exceeds the area of the nano-
structures material and therefore is not considered. A photodiode
detector (Model 918D-UV-OD3, Newport Co.) was used to
measure the transmitted light intensity. The transmission for both
TE and TM polarizations was characterized. The measured trans-
mission and theoretical model of single fused silica substrate with
and without double-side patterned nanostructures is plotted in
Fig. 7. It can be observed that the data agree well with the RCWA
and Fresnel models for the samples with and without the

nanostructures, respectively. For TE polarization, the transmission
is enhanced by ∼5% near normal incidence, and up to 20% at
60°–70° incident angle range. For the maximum incident angle of
70°, the measured transmission for the sample with and without
the nanostructures is 80% and 48%, respectively. However, the
optical transmission of the nanostructured sample is lower for TM
polarization between 50° and 70° incident angle ranges. This can
be attributed to the Brewster angle effect, where the transmission
for the planar sample is 100%. The nanostructured sample, in com-
parison, has scattering losses due to fabrication defects. Therefore,
in this angle range, the defect losses are greater than the transmis-
sion gains due to the gradient-index matching effects, resulting in
lower transmission for the nanostructured samples. The measure-
ment error bar is within 1.5% based on multiple measurements.

The measured transmission and theoretical calculations for
the thick 3-layer silica-polymer composite with and without the
interfacial nanostructures are shown in Fig. 8. The sample was
fabricated by bonding three double-side patterned fused silica sub-
strates with two epoxy layers, as illustrated in the inset diagram.
Note that in this case, the theoretical models assume no interfer-
ence occurs since the layers are thick; therefore, the transmissions
at the interfaces were simulated separately and multiplied together
to yield the total transmission. It is important to note that if the
thicknesses of the silica substrates and polymer layers are reduced
so that they are sufficiently thin to result in an interference under
ambient light, the interfacial nanostructures are also expected to
suppress the interference effect. The experiment results show that
under illumination TE polarized light, the transmission is enhanced
by 7% at normal incidence, and up to 30% at 60°–70° incident
angle ranges. For the maximum incident angle of 70°, the measured
transmission for the composite with and without the nanostruc-
tures is 72% and 46%, respectively. For TM-polarized light, similar

FIG. 7. Specular transmission measurement and simulation under different incident angles for fused silica substrate with and without double-side nanostructures for (a) TE
and (b) TM polarization.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 063101 (2019); doi: 10.1063/1.5097832 126, 063101-6

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


enhancement for the planar interface sample can be observed due
to the Brewster angle, while the transmission for the nanostruc-
tured interface sample reduces monotonically at increasing incident
angles. The measurement error bar based on the standard deviation
of multiple measurements is within 1%. The simulation model also
demonstrates that the near-perfect transmission can be maintained
at highly oblique incident angles for taller interfacial nanostructures
with a more effective tapper profile for both polarizations.

It is important to note that the transmission enhancement for
3 layers is not significant due to the relatively similar index of fused
silica and epoxy used. However, the improvement would be signifi-
cant at a higher number of layers (N). The theoretical transmission
for 5, 10, and 20 layers with the planar and nanostructured inter-
face is plotted in Fig. 9, which illustrates significant enhancement.
The nanostructure is modeled to have 750 nm height with a linear
taper profile. The transmission of the sample with planar interface

FIG. 8. Specular transmission measurement and simulation under different incident angles for a thick 3-layer silica-polymer multilayer composite with and without interfacial
nanostructures for (a) TE and (b) TM polarization.

FIG. 9. Specular transmission simulation under different incident angles for 5, 10, and 20 layers thick silica-polymer composite with and without interfacial nanostructures
for (a) TE and (b) TM polarization.
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degrades significantly. However, the transmission can be main-
tained at near unity even at a high incident angle for the corre-
sponding composite with interfacial nanostructures. These results
demonstrate that the interfacial nanostructures are effective in sup-
pressing the reflection at the multiple polymer-silica interfaces to
enhance overall transmission. Enhancement in more number of
layers would yield higher transmission enhancement and is the
subject of ongoing research.

The broadband transmittance of the thick 3-layer silica-
polymer composite with and without the nanostructures at the
interfaces was also characterized at normal incidence and 30° inci-
dent angle, as shown in Figs. 10(a) and 10(b), respectively. Here, it
can be observed that the transmission across a broad wavelength

band can be enhanced. From Fig. 10(a), the measurement data
illustrate that up to 7% enhancement can be observed at 450–800 nm
wavelength, with a peak transmission of 97% compared with 90%
without the nanostructures. The enhancement is reduced at a wave-
length below 450 nm, and the transmission of the two samples is
similar. This can be attributed to the relatively large structure period
of 250 nm, which means diffracted orders in the UV can exist in the
higher index polymer. The UV-curable epoxy also absorbs in the UV,
therefore reducing transmission for both samples. From Fig. 10(b),
we can observe that the transmission enhancement at 30° incident
angle is up to 8%, with a peak transmission of 95% compared with
87% without the nanostructures. This is in reasonable agreement
with the simulated models. Additional losses can be attributed to fab-
rication defects which have a larger footprint for off-axis illumination.
The transmission data illustrate that the interfacial nanostructures
work for broadband range and higher incident angle as predicted by
the models. Note that the thickness of the fused silica and epoxy
layers is approximately 0.5mm and 0.1mm, respectively, but some
variations in the epoxy can occur during the bonding process. Due
to the relative thick layers, thin-film interference effects are not
observed. However, interference effects can still be present if the
multilayer composites are under illumination from a light source
with higher coherence.

These results and the derived models indicate that by using
interfacial nanostructures, the reflection between two materials can
be successfully suppressed. This effect, in turn, suppresses the inter-
ference in multilayer composites, allowing for wavelength and
angle-independent optical behavior. For better interfacial antireflec-
tion effects than those demonstrated, taller structures12 with an
optimal taper profile can be used.42,43 While the experimental data
follow the trends predicted by the RCWA and Fresnel equation,
errors can be observed. This can be attributed to the defects of the
nanostructures. The proposed fabrication methods based on IL and
RIE can be scalable, and full wafer patterning is possible. However,
the defect areas from multiple samples can compound after
bonding, resulting in scattering losses. We believe that this may
lead to the transmission enhancement being slightly lower than
theoretical models. However, the overall agreement between the
data and theoretical model demonstrates that the interfacial nano-
structure can enhance transmission of multilayer composite, which
is the main focus of this study.

The experimental demonstration of this work is focused on
the transmission enhancement between polymer and silica, which
has relatively low reflection losses. The proposed interfacial nano-
structures can even be more effective for higher index materials
that are often used in optoelectronics, such as Si, Ge, and GaAs.
Using the validated multilayer RCWA model, the transmission can
be studied for a five-layer composite (N = 5) with higher index
mismatch (n1 = 1.5 and n2 = 3) vs normalized interfacial nanostruc-
ture height and period, as shown in Fig. 11. Note that only the
0th-order specular transmission is considered, and any diffracted
light is considered to be a loss. Here, it can be observed that the
transmission of the composite with planar interfaces is 35.9% at
normal incidence, corresponding to H = 0 in Fig. 11(a). The trans-
mission can be enhanced to 94.4% for structure height H ¼ 0:6λ
and period Λ ¼ 0:3λ. Note that since the light wavelength in a
higher index medium reduces, a smaller interfacial nanostructure

FIG. 10. Broadband specular transmittance measurements of a thick 3-layer
silica-polymer multilayer composite with and without interfacial nanostructure at
(a) 0° and (b) 30° incident angles.
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period is required to ensure subwavelength operation. As the
structure height increases to H ¼ 2λ at the same period, the
transmission can be further enhanced to 99.8%. At incident angle
θi = 30°, the transmission of planar sample is 30.6%, demonstrating
higher losses. The transmission can be enhanced to 88.5% and
99.7% for structure heights of H ¼ 0:6λ and H ¼ 2λ, respectively,
both with period Λ ¼ 0:3λ.

One interesting phenomenon that can be observed is that for
structures with larger period, the transmission drops dramatically.
This can be observed for any structures with constant H, where the
transmission decreases as the period increases. This can be attrib-
uted to the diffraction effect for large period. This then shifts the
efficiency of the 0th order, dramatically decreasing the specular
transmission. From these results, it can be concluded that the
period must be smaller than 0.3λ to ensure subwavelength opera-
tion. Note that this criterion is limited to this simulated case where
the highest index is n2 = 3 and can shift for multilayer systems with
higher or lower indices. It is important to observe that reducing the
period further does not result in any transmission enhancement
and is only useful for lowering the operating wavelength range. In
addition, higher nanostructures also result in better transmission
enhancement for a constant period. However, the enhancement is
incremental and may not justify the higher fabrication cost. These
results demonstrate that interfacial nanostructures are an effective
way to enhance transmission in composite with higher index mis-
match, which can improve the performance of nanophotonic
devices, solar cells, and solid-state lighting.

For future work, different mask materials will be used to fabri-
cate taller interfacial nanostructures with height over 700 nm for
better AR effects at a longer wavelength and higher incident angles.
We will also investigate interfacial nanostructures with a shorter
period less than 200 nm, which can reduce the diffraction and
therefore improve the optical transmission in UV region. The profile
of the structure will also be fine-tuned to obtain a wider range of
tapered width. The yield will also be improved to reduce scattering

losses and further enhance transmission. In addition, composite
samples with more layers will be tested to demonstrate scalability
and achieve higher transmission enhancement. The nanostructured
interface can also have novel mechanical and thermal properties,
which is the subject of ongoing research.

CONCLUSION

In this study, we investigate and demonstrate that interfacial
nanostructures in multilayer composite stacks can reduce interfacial
reflections, suppress interference effects, and enhance light trans-
mission. This is supported by experimental characterization and
theoretical modeling of light transmission in thin and thick multi-
layer films consisting of nanostructured interface between neigh-
boring silica and polymer layers. The experimental data show that
the interference contrast observed in the transmittance of thin films
can be suppressed by a factor of two, and thick 3-layer silica-polymer
composites can exhibit transmission enhancement up to 30% at
60°–70° incident angle range. From the experiment results, the
enhancement is broadband and is effective at higher incident angle,
and the fabricated interfacial nanostructures show higher transmis-
sion from 450–800 nm wavelength. The interfacial nanostructure can
result in higher transmission enhancement for composites with
higher refractive index mismatch, which has been studied using the
validated RCWA models. This work demonstrated that interfacial
nanostructures can reduce reflection losses in multilayers composites,
increasing transmission and suppressing interference effects. This can
mitigate wavelength and angle-dependence behaviors and enhance
broadband transmission in multilayers photonic element and devices.
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