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Abstract: In this work, we demonstrate a two-dimensional nano-hole array that can reduce
reflection losses while passively trapping and harvesting incident light. The surface structure
is designed to scavenge a small portion of incident light that would typically be lost due to
Fresnel reflection, while the majority of light transmits unobstructed like a regular window.
The trapping mechanism is dependent on angle and wavelength, and can be designed to
selectively trap narrow wavelength bands using the constructed theoretical models. We
demonstrate that structures with periods of 275 nm and 325 nm can trap different wavelength
range within the visible spectrum, while simultaneously suppressing reflection losses. The
trapping effect can be observed visually, and can be converted to a current output using a
photovoltaic (PV) cell on the glass edge. The fabrication of such materials employs a simple
replication process, and can be readily scaled up for large-scale manufacturing. The
demonstrated solar harvester can be potentially be widely deployed in residential and
commercial buildings as multifunctional windows for solar energy harvesting, scavenging,
spectra splitting, and anti-glare properties.
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1. Introduction

With growing energy demands and decreasing space available, the need for efficient energy
harvesting with small footprint becomes increasingly important. Every year, 350 billion
kilowatt-hours of electricity are used in the U.S for space cooling, and about 20% to 40% of
total energy used is consumed by residential and commercial buildings [1,2]. With the rapid
draining of fossil fuels and the advent of the associated environmental problems, clean and
sustainable energy sources are demanding. Solar energy is one promising form of clean
energy and has been an extremely active research area over the past decades. Despite the
significant research progress in high-efficient solar cell materials, deployment over large area
is expensive, difficult to implement, and in some cases unpractical. Solar concentrators and
harvesters can meet this demand by redirecting light using geometrical and physical principles
[3]. There are many different types of solar concentrators with immensely varying
mechanisms of light trapping and guiding. The most traditional method involves reflecting
sunlight using mirrors to a central tower. This tower receives the energy and uses the heat to
generate electricity [4]. Fresnel lenses and other holographic elements can also be used to
focus sunlight, with the additional benefit of spectra splitting into solar cells with matching
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bandgap [5-7]. While existing solar concentrators are efficient in terms of concentration
factors, they tend be large and can be difficult to integrate seamless into existing surfaces.

To reduce panel footprint and facilitate integration, there has been a lot of interest in solar
harvesters using planar elements for in-plane trapping. These types of harvesters can make
use of unused window surface area that covers large portions of commercial and residential
buildings. This has been demonstrated previously using luminescence solar concentrators
(LSC), which upon ultraviolet (UV) excitation emits visible light that can be trapped in the in-
plane direction [8—17]. While concentration effects are possible, these planar approach tend to
have lower concentration factors. Another approach is based on surface structures such as
surface microstructures, textured films, and glass prisms to refract and trap light [18-20].
These mechanisms aim to redirect and channel light within the glass substrate to a
photovoltaic (PV) cell on the edge using total internal reflection (TIR). Diffractive structures
has also been explored, where periodic structures residing directly on silicon solar cells have
demonstrated increased energy conversion by increasing in-plane light path [21-23]. While
existing in-plane solar harvesters are effective, optical losses due to the scattering and
trapping mechanisms can diminish the overall transmission. In addition, these approaches can
also obstruct or change the visual appearance of the window.

Antireflection (AR) nanostructures with subwavelength period are another exciting
research area relevant to transparent surfaces. Such structures can reduce the Fresnel
reflection losses between media with different refractive indices by serving as a gradient-
index medium, thereby increasing transmission. This phenomenon has been observed in
nature in moth eyes, glass-wing butterfly wings, and hawkmoth wings [24-26]. Inspired by
such principles, periodic cones and holes engineered in the laboratory have also been shown
to act as AR surfaces to minimize optical reflection losses over a broad range of wavelengths
and incident angles [27-29]. This is useful in enhancing transmission and reducing glare in
comparison with ordinary glass was planar surfaces.

In this work, we demonstrate an integrated light guiding structure for an in-plane solar
harvester while simultaneously acting as an anti-reflection surface, as illustrated in Fig. 1.
This harvester is based on periodic two-dimensional (2D) nano-hole array in a polymer
material that can be applied on glass substrates. The structure period is designed to be close to
the operating wavelength so that the reflection and transmission orders behave differently. For
the reflection orders in air, the structure is subwavelength so no diffraction occurs, acting like
an AR structure to suppress reflection losses. For the transmitted orders in the higher index
medium, the structures act as a diffraction grating for oblique incident light, where the
transmitted 1st-order diffraction order is directed towards the glass edge, as illustrated in Fig.
1(b). Through TIR, the diffracted order can then be channeled within the glass and converted
into electrical energy using a PV cell. The goal of this design is to harvest or scavenge a small
fraction of the incident light that would typically be lost through Fresnel reflection, while the
majority goes through unobstructed. A theoretical model based on rigorous coupled-wave
analysis (RCWA) has been constructed to design the structure height and period and optimize
trapping efficiency for various wavelength band and incident angles. Structures with two
different periods have been fabricated, and their optical and electrical properties characterized
to demonstrate successful in-plane trapping. The proposed AR in-plane solar harvester can
find applications in passive energy scavenger through glass windows of residential and
commercial buildings.
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Fig. 1. Schematic of (a) the proposed antireflection in-plane solar harvester, where incident
sunlight is trapped to a glass edge through TIR and received by a PV cell. (b) Photograph of
fabricated solar harvester without PV cell attached. Under ambient illumination from the sun,
trapping of green light can be observed on the bottom glass edge. (c) Scanning electron
micrographs of the nano-hole array with 325 nm period.

2. Optical design and simulation

A simulation model was constructed to examine AR, diffraction, and TIR effects to predict
the light trapping performance for different structure geometries. The simulation is based on
RCWA [30,31], where reflection and transmission efficiencies at a 2D diffraction grating
bounded by two different media is examined. In the proposed structure, trapping starts
abruptly once light reaches the incidence angle where the transmitted 1st—order diffraction
occurs, and is limited at high incident angle when the diffracted orders can no longer be
trapped inside glass. The diffraction angle of the m-th order is governed by the grating
equation:

0, =sin"' (m_/7,+_nl sin J (1)
n, n,

Where n, and n, are the media indices, 4 is the wavelength, and 4 is the structure period.
There are three key interactions of interest in determining the trapping efficiency of the
structure, as depicted in Fig. 2. The first is the transmitted 1st-order diffraction 7 passing
through the air/structure surface, which will propagate towards the back surface at an oblique
angle if the wavelength is close to the structure period. The simulated transmitted total and
Ist-order diffraction efficiencies for TE-polarized light, 550 nm wavelength, and 325 nm
period structure are plotted vs incident angle in Fig. 3(a). It can be observed that at normal
incidence the 1st-order does not exist, allowing the structure to function as a zero-order
subwavelength structure. At around 10° the Ist-order is no longer evanescent and becomes a
propagating wave traveling at oblique angles towards the back surface. Note the diffraction
efficiency is designed to be small, with a peak in the order of 10%, so that most light is
transmitted and the structure functions as an energy scavenger.
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The second interaction is when the transmitted 1st-order diffraction reach the bottom
glass/air surface, as depicted in Fig. 2, and whether TIR occurs to trap the light within the
glass substrate. This is generally the case when the diffracted order just becomes propagating
and have high incident angle within the glass. Given that TIR occurs at the bottom surface,
the light is then reflected towards the top structure/air surface. This is the third interaction of
interest, as depicted in Fig. 2, and the efficiency of the reflected Oth-order R determines if
light can be trapped. Note that since the interface is a surface nanostructure, light leakage and
other internally reflected diffraction orders can exist and must be minimized. The simulated
total and Oth-order internal reflection efficiencies are plotted as a function of the incident
angle of the original beam in air in Fig. 3(b). It can be observed that at incident angles
immediately after the 1st-order diffraction becomes propagating at around 10 degrees, the
internal incident angle in glass is high enough to efficiently reflect 80-90% of the light. Note
that while the internal incident angles are the same, the trapping at the structure surface results
in other reflected and transmitted diffraction orders, and is not as 100% efficient as TIR at the
bottom surface. As incidence angle is increased past the initial peak, the reflection efficiency
drops dramatically, resulting in a loss of overall trapping efficiency at higher angles.

Light P Incident § 97 '
Leakage ,/ Light

Glass (i) Transmitted
1st Order (T)

(iii) Reflected
Oth Order (R)

(ii) Total Internal Transmitted
Reflection (TIR) Light

Fig. 2. Schematic of light path illustrating the three key interactions: (i) transmitted 1st-order
diffraction from the top nanostructure surface, 7, (ii) TIR from the bottom glass/air interface,
and (iii) internally reflected Oth-order diffraction at the top surface.

In addition to the transmitted 1st—order diffraction and reflected Oth-order efficiencies, the
number of reflection the light experience is also of critical importance. Each bounce will
reduce the amount of trapped light, as the reflection efficiency R at the top nanostructure
surface is not 100%, as shown in Fig. 3(b). This is especially problematic as the propagation
angle in glass decreases and results in more reflections of the trapped light. The number of

reflections that light will undergo can be approximated by N = L/ (2¢tan@,), where 6 is the

internal angle, ¢ is the glass thickness, and L is the travel distance. It was found that for a 15
mm glass sample with 1 mm thickness, the light can experience from 1 to 10 reflection,
depending on the incident angle and structure period. Combing these effects the overall
trapping efficiency # of the sample, an import figure of merit to determine system
performance for the proposed system, is given by,

n=T-R" 2

where transmission 7" and reflection R are the simulated transmitted and reflected efficiencies
at the nanostructured surface, respectively. The total optical efficiency for 550 nm TE-
polarized light and 325 nm period structure is depicted in Fig. 3(c). It can be observed that for
this wavelength the trapping range is limited to incident angles of ~10-45°, with a peak
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efficiency around 4.7%. Note while this number appears low, it satisfies the proposed goal of
utilizing the structure as a passive solar energy harvester without obstructing light
transmission. It should also be noted that the transmission will drop slightly while the
incidence angle is in the range where trapping occurs.
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Fig. 3. Simulated efficiencies for 550 nm wavelength, TE-polarized light on 325 nm period
structure. (a) Total and 1st-order diffraction efficiency at the top structure surface, (b) total and
Oth-order internal reflection efficiency, and (c) overall optical efficiency vs incident angle on
the structure in air.

By evaluating the efficiency at these three interactions, the overall trapping efficiency can
be calculated for any given wavelength and incident angle. The simulation was set up in
Matlab, where parameters of wavelength, incident angle, structure period, height, profile can
be modified. Structure periods and depth from 200 to 400 nm and 50 to 500 nm were
simulated, respectively, for device operation in the visible spectrum. Both transverse electric
(TE) and transverse magnetic (TM) polarized light were examined. It is important to note that
different structure heights could be used in different applications. In general it was found that
transmission diffraction efficiency T increases with higher structure height, while the internal
reflection efficiency R decreases. Therefore a height in the range of 200 nm was selected
where both transmission and reflection values were cumulatively optimized for the size of the
glass slide. Additionally, holes and pillar geometries were compared and have comparable
overall efficiencies, while the hole geometry having the added benefit of greater structural
strength [27]. The final structure designs are 2-D hole array with depth of 200 nm and periods
of 275 nm and 325 nm, which were found to trap more effectively within the visible
spectrum.

3. Experimental methods

The nano-hole arrays were fabricated using a two-step replication procedure on glass
substrate. In the first step, a 2D nano-pillar array was patterned in positive-tone photoresist
(Sumitomo PFI88) on a silicon wafer using Lloyd’s mirror interference lithography [32-34].
A thin layer of antireflection coating (ARC, Brewer i-con 16) was used to reduce standing
wave from back reflection. In the second step, a process similar to soft lithography is used to
transfer the nano-pillar mold into an optically clear UV-cured epoxy (NOA71, Norland
Products, Inc.) [35,36]. This is done by placing the uncured, highly viscous NOA between a
microscope glass slide and the photoresist pillar substrates. The surface of the 2D nano-pillar
mold has been treated with silane to mitigate adhesion. The NOA records the inverse profile,
and is then cured using ultraviolet (UV) light. The silicon substrate is then peeled off, leaving
a cured NOA film with 2D nano-hole array on glass. The NOA bonds well to glass, has high
optical clarity, and has refractive index value (n = 1.56) close to that of standard microscope
slide (n = 1.525) used as substrate. Figure 1(b) illustrate the trapping effect of the sample
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when placed in ambient sun light. The fabricated surface area is roughly 4 cm? and a picture
of the sample trapping green light at the edge under ambient sunlight is shown in Fig. 1(b).
The nanostructure is shown in Fig. 1(c) for a 325 nm sample, with images taken by a scanning
electron microscope (FEI Verios 460L). To convert the trapped light to electrical energy, an
ultra-thin off-the-shelf silicon PV cell can be bonded to the long edge of the glass slide using
NOA.

4. Experimental results

The AR properties of the fabricated samples with 325 nm period were examined. First, the
broadband transmittance was characterized using a spectrophotometer (Agilent Cary 5000) at
normal incidence, as shown in Fig. 4(a). The incident wavelength was varied from 200 to 800
nm, spanning the full spectrum from UV to near-infrared (NIR) range. The transmittance for a
microscope glass slide was also recorded for comparison. At normal incidence, longer
wavelengths are shown to have enhanced transmission compared to glass by around 1.5%.
This demonstrates the AR effects of the nanostructures when the wavelength is longer than
the structure period. However, as the incident wavelength decreases below 500 nm, the
transmitted 1st-order diffraction is no longer evanescent in the NOA layer. At this point the
light trapping starts to occur, decreasing the transmission for shorter wavelengths. The
transmission is further reduced at wavelength lower than 400 nm, when the transmission of
NOA is greatly reduced.
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Fig. 4. Measured broadband and wide-angle transmission for 325 nm period. (a) Transmittance
through the 325nm structure is compared with bare glass over a sweep of wavelengths from
200 to 800 nm using UV-vis-NIR photospectrometer. (b) Transmission efficiency as functions
of incident angle at 633 nm in comparison to plain glass given by Fresnel’s equations.

The transmission of the same sample versus incident angle was also characterized vs
incident angle. The laser source (633 nm HeNe laser with TE polarization) and detector
remained stationary while the sample was rotated on a stage from 0 to 76°, the maximum
possible for the sample area. The transmission was recorded and compared to the theoretical
transmission of glass given by Fresnel’s equations. Figure 4(b) shows the results of the
transmission measurements as a function of incident angle. The transmission can be seen to be
greater than that of glass for incident angles close to normal and also at oblique angles. The
1.5-2% in transmission enhancement demonstrates AR effects, and the improvement is similar
to the broadband measurements. However, the transmission through the structure is slightly
lower than that of plain glass from 30° to 60°, which coincides with the angle range where
trapping occurs. This implies that the light reflection that is typically lost due to Fresnel
mismatch is partially being redirected and trapped in-plane for harvesting. While the
structures demonstrate effective AR properties, light trapping does reduce overall
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transmission when light is being directed to the PV cell. AR effect could be further improved
by using structures with higher aspect ratio and smoother taper.

The optical trapping of the fabricated structures can be visually observed. Figure 5 shows
the simulated trapping efficiencies at various incident angle, with the corresponding observed
image of the visible light trapped when the sample is illuminated with white light. At different
incident angles, different wavelengths are trapped more efficiently, and the color of the
trapped light at the edge varies. This is supported by the RCWA model for the 325 nm period
structure, where the peak wavelengths of 450, 500, 550, 600, and 650 nm occur at incident
angles of 0°, 10.1°, 19.5°, 28.6°, and 38.9° respectively. These peaks at various wavelengths
qualitatively align well with the experimental observation, and the inset images are taken at
angles of 0°, 10°, 20°, 30°, and 40°. For incidence angles above 40 degrees, only red light
appears on the glass edge, which is also confirmed by the model. The movie of the visual light
trapping effect can be seen in Visualization 1. These results illustrate the wavelength selective
characteristics for different incident angles, which can be utilized for spectra splitting of a
broadband source.

The absolute optical efficiency measured were around 7 = 1.9% at 633 nm wavelength,
lower than predicted value. This can be attributed to difficulty in complete capture of trapped
light at the edge. As governed by Eq. (1), the trapped light leaves the glass edge at two equal
and opposite angles, creating two spots (see Visualization 2). To characterize the overall
efficiency, the detector measures the intensity of both spots at the peak angle, and these values
are then added together. Both spots were measured 3-5 cm from the glass edge, as the detector
could not be brought directly to the glass edge without obstructing with the incident beam.
This results in an unmeasured portion of the light being lost before hitting the detector. There
are also other sources of error, such as film thickness effects and light leakage at the film
edges, which were not taken into account in the model.

A key figure of merit, analogous to those used in LSC, is the concentration factor C = 5G.
This is a valuable indicator of whether the surface nanostructures is enhancing light intensity
at the PV cell. The geometric gain of the system G can be estimated by dividing the out-of-
plane collection area by the glass edge area, and is calculated to be 16.7 for the fabricated
samples. In the current prototype, the concentration factor C is around 0.32, indicating the
intensity of the trapped light is not being enhanced. While this is less than state-of-the-art
LSC, it can be improved further by optimizing G, which is kept constant in this work. By
increasing structure area and decreasing the glass thickness, a concentration factor greater
than unity can potentially be achieved, and is the subject of future research. Beyond system
performance, the proposed method has a number of advantages over LSC. Being a surface
structure, it can be applied over existing windows as a thin film without changing the bulk
composition of the glass. In addition, wavelength selectivity can be achieved by changing the
nanostructure geometry, which for LSC requires alteration of chemical composition of
luminescent material.


https://doi.org/10.6084/m9.figshare.5188285
https://doi.org/10.6084/m9.figshare.5188288

Research Article

Optics EXPRESS

450 nm
500 nm

] / 600 nm

fficiency
NN
(6]
|

ping
w
(&)

gz.o-: \//\W

0.0 1 . 7T <~ 7T "~ &~ 1T T+ 71T *TT7T-
0 10 20 30 40 50 60 70 80 90
Angle (deg)

Fig. 5. Simulated efficiencies vs incident angles and corresponding visual observation of
trapped light at the edge when white light is illuminated over the sample. The trapped blue,
green, yellow, orange, and red at the edge were observed at viewing angles of 0°, 10°, 20°, 30°,
and 40°, respectively (see Visualization 1). The RCWA simulation analyzed 325 nm period
structure under various wavelengths ranging from 450 to 650 nm.

The fabricated structure was packaged with a PV cell to test the energy harvesting
capability. The silicon PV cell used is an off-the-shelf component, and measures 1 mm wide,
55 mm long, and 50 um thick. The solar cell is bonded to the long edge of the glass slide
using NOA, and copper wires are connected to each terminal using a heat-curable silver
epoxy (MG Chemicals 8331-14G). The current output for the device with 275 nm-period
structure is measured for TE-polarized 532 nm laser (20 mW) with incidence angles from 0 to
60°. The device with 325 nm-period structure is tested using 532 nm and 633 nm (17 mW)
lasers from 0° to 45°, also TE polarized. The surface area of the structure and proximity to the
PV cell affects the possible range of testing angles achievable.

The angle-dependent trapping of the fabricated device has been examined by measuring
the current output, as shown in Fig. 6. The electrical measurements are plotted with the
simulated optical trapping efficiency to qualitatively compare the angle-dependent response.
Figure 6(a) shows the 275 nm sample results for the 532 nm wavelength laser, Fig. 6(b)
shows the 325 nm sample results for the 532 nm wavelength laser, and Fig. 6(c) shows the
325 nm results for the 633 nm wavelength laser. All three data show that the first wavelength
peak denoting the onset of trapping matches well with the RCWA simulation. Additionally,
the current output of the 275 nm sample can be seen to match the shape of the simulation by
having a peak from 29° to 43°, and then falling to no current output from 45° until 60°. The
275 nm sample yields a maximum current output of 36 pA for the 532 nm laser. The electrical
measurement for the 325 nm sample can be observed to have intensity oscillations for both
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the 532 nm and the 633 nm wavelength laser, which does not correspond with the simulation
result. This can be attributed to thin-film interference effects of the non-uniform-NOA layer,
which can be observed visually at a certain viewing. The current output peaks at 93 pA for the
325 nm sample with the 532 nm laser, and can be seen to drop off at around 40°, which
matches well with the simulation. The peak current for the samples was found to be 100 pA
for the 633 nm laser. In Fig. 6 (c), the simulated trapping occurs from 25° to 70°, which
corresponds to the slightly reduced transmission in the broadband transmission shown Fig.
4(b). Note while the electrical currents measured are relatively low, the angular profile
matches well to the theoretical optical prediction to demonstrate angle and wavelength-
selective trapping. The electrical performance can be further enhanced by using higher quality
PV cells designed specifically for edge collection and optimizing the geometric gain G, and is
the subject of future work.
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Fig. 6. Experimental electrical measurements and qualitative comparison with simulated
optical trapping efficiency for packaged samples. The experimental data is overlaid with
calculated curves using RCWA simulations: (a) Trapping of 532 nm light through a 275 nm
period structure. (b) Trapping of 532 nm light through a 325 nm period structure. (c) Trapping
of 633 nm light through a 325 nm period structure. The beam shapes of the trapped beam can
be seen in Visualization 2.

The in-plane solar harvester can also be designed to trap different color at the same
incident angle by using different structure period. Figure 7 illustrates the trapping comparison
between the 275 and the 325 nm-period samples under white light illumination at incident
angle of 15°. It can be observed that the 275 nm sample traps blue light, while the 325 nm
sample traps green light. This demonstrates spectra splitting, where the most efficiently
trapped wavelength at each incident angle is dependent on the structure period and can be
accurately designed. This can find application in double-pane windows, where two different
structure geometries could effectively trap different wavelengths at the same incidence angle.
This light could then be converted to electrical output using matching energy band gap solar
cells at the edges. The structure parameters of the in-plane solar harvester can also further
designed to include changing incident angles due to the sun’s motion to optimize total energy
converted, which is the subject of future work.
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325 nm Period 275 nm Period

Fig. 7. Visual trapping comparison of 325 and 275 nm period samples under white light at
~15° incident angle. At this particular incident angle, the 325 nm period sample most
effectively traps green light, while the 275 nm period sample most effectively traps blue light.

5. Conclusion

We have demonstrated an in-plane solar harvester using 2D nano-hole array to simultaneously
trap incident light and reduce surface reflection. Unlike conventional solar concentrators
which emphasize to redirect most solar energy with high concentration factor, the proposed
approach balances the function of window as a viewing element with the added functionality
of solar energy harvesting. The goal is so that a small amount of energy generated from the
window can power small electronic devices while the viewing clarity is not obstructed. The
structure also has AR properties, and can enhance transmission over broad wavelength and
angle range. We have shown the solar harvester can output current from different wavelengths
within the visible spectrum, as well as trap different wavelengths more efficiently at different
incidence angles. The demonstrated device requires simple, low-cost replication process, and
its manufacturing can be potentially scaled up by roll-to-roll nanoimprint integrated with glass
window production lines. The proposed device has small footprint, and can be widely
integrated into existing windows in buildings and other civil structures.
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