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The creation of anti-reflective surfaces is reliant on the engineering of the surface
textures and patterns to enable efficient trapping or transmission of light. Here we
demonstrate anti-reflective layers composed of hierarchical nano/microscale features
that are prepared on Si using a combination of wet and dry etching processes,
and which are both scalable and affordable. The performance of the structured
surfaces was tested through optical measurements of the reflectance, transmittance,
and scattering spectra from the visible to mid-infrared wavelength regions, and the
results were verified using numerical simulations to identify the performance of
the textured anti-reflective layers. The anti-reflective properties of the layers were
shown to be dramatically improved by the composite nanostructured surfaces over
a broad spectral range, which thus provides a basis for the design rules that are
essential for the progress towards effective anti-reflector fabrication. At normal
incidence, the hierarchical surfaces achieve reflectances that are 10–80 times lower
than that of conventional single-etch nano-microstructures. Portions of the absorbed,
transmitted, scattered, and reflected light in the visible-IR spectrum are presented to
illustrate the results. C 2016 Author(s). All article content, except where otherwise

noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4964851]

I. INTRODUCTION

Control of the anti-reflective properties of semiconductor surfaces, preferably based on the
use of existing semiconductor processing techniques or self-assembly methods, is being vigorously
pursued for use in solar cell applications,1–5 where hierarchical structures in particular have demon-
strated superior performance.6,7 In addition, these surfaces are required for other uses, including dis-
plays, optical lenses, and defense applications, which would benefit from suppressed reflectance.8–13

One often overlooked but important benefit that these hierarchical nano/microstructures bring to
anti-reflective surface applications is their applicability over very wide-ranging spectral windows,
because they have a lower angular dependence of reflectivity (i.e., a higher omnidirectionality) than
is typical for such multilayered dielectric films.14–16

One of the most versatile and effective of the current anti-reflective surfaces is black sili-
con (b-Si), which uses an anti-reflective surface layer of randomly arranged sub-wavelength-sized
conical Si nanospikes (Fig. 1(a)). These nanofeatures act as light couplers that offer a gradual
refractive index transition from the air to semiconductor.17,18 In solar cells, a b-Si device layer
has been shown to provide a high conversion efficiency of 22.1%.19 In addition to its uses in
conventional photovoltaic methods, b-Si is also effective for use in light energy harvesting based
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FIG. 1. (a) Photograph of a mirror Si surface and an anti-reflective black-Si (b-Si) surface. The inset shows a scanning
electron microscope (SEM) image of the b-Si surface. (b) Schematic illustration of the setup used to measure specular
reflectance R and direct transmission T with the microscopic system, and (c) the setup used to measure back scattering S

with an integrating sphere.

on thermo-photovoltaic generation, and particularly in harnessing the infrared part of the solar
spectrum to boost the total achievable efficiency. It was previously demonstrated how inductively
coupled plasma reactive ion etched (ICP-RIE) b-Si with plasmonic nanoparticles can be used as
a highly effective absorber for photo-thermoelectric conversion applications.20 Nanospikes of b-Si
coated with Au have shown high performance when used in surface-enhanced Raman spectros-
copy/scattering (SERS)21 and were also proven to be bactericidal through the mechanical destruc-
tion of bacterial membranes.22 Using a simple chemical treatment in either gas phase or solution,
these nanotextured surfaces can also be rendered super-hydrophobic.23,24

The spectral performance and the anti-reflective properties of b-Si can be altered by varying the
ICP-RIE etching regimes to cause modifications in the size, shape, and separation of nanospikes.25

However, these single-step etching routines result in nanotexturing with a fairly narrow geometric
parameter distribution, which in turn precludes broadband performance. Further control over the
optical properties of these surfaces therefore requires a hierarchical approach that combines two or
more different nano/microstructuring techniques.7,26 Additionally, to provide meaningful differenti-
ation among the performance levels of the various anti-reflective layers, it is important to provide
an analysis that goes beyond a basic treatment of the total reflectance by measuring the constituent
specular and diffuse reflectance components of the layers and their total transmittance; then, based
on these values, the absorbance of the layers can be deduced over the entire relevant wavelength
region (from visible to mid-infrared).

Here we show how anti-reflective surfaces that provide high suppression of specular reflectivity
and that are unrivaled in the breadth of their spectral range can be produced by superimposing
plasma-etched nanospike structures on a microtextured surface created by wet etching.

II. EXPERIMENTAL

A. Nanotextured Si

The composite micro/nanostructured surfaces were prepared by a combination of disparate
etching steps — including alkaline wet etching, metal assisted hydrofluoric (HF) acid etching, and
RIE — to prepare micropyramidal, nanowire, and nanospike Si structures, respectively.

The micropyramidal structures were fabricated by alkaline wet etching using a commercially
available NaOH solution (Pure Etch T501S, Hayashi Pure Chemical, Osaka, Japan), which was
diluted in ion exchanged water to a concentration of 0.5M (∼12 wt. %). The 3-in.-diameter ⟨100⟩
surface orientation Si wafer was dipped in the etching solution at 80 ◦C for 10 min. In the specific
case of subsequent fabrication of high aspect ratio nanowires, larger micropyramids were required;
therefore, longer etching times that ranged from 48 to 72 h at room temperature (RT) were used.

The nanospike structures were fabricated using an ICP-RIE tool (RIE-101iPH, Samco, Kyoto,
Japan) with the plasma composed of a 35 SCCM SF6 and 45 SCCM O2 flow rate gas mixture. The
ICP power was maintained at 150 W and the RIE bias was 15 W, with back-pressure of 1 Pa. After
the RIE process, the substrates were washed for 5 min in a 10 wt. % solution of H2SO4 to strip off
any residual traces of the self-assembled fluoropolymer etch mask.
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The nanowire structures were fabricated by metal-assisted etching,27–30 which involved dipping
the Si into a 0.02M AgNO3 and 0.2M HF mixed solution at RT for 20 min.

B. Characterization

The spectral performance of the micro/nanotextured surfaces was characterized through the
measurement of their specular reflectance (R) and direct transmittance (T) spectra, which were then
used to deduce the total extinction (E = 1 − R + T). Extinction is defined as the removal of the
optical power from an incident beam, where the optical power is the sum of the absorption and
scattering of electromagnetic energy in the substrate. The scattering in turn is composed of diffuse
back-reflection and diffuse transmission into the substrate. Therefore, because the 3D surface textur-
ing produces both regular specular reflection and diffuse reflection of the light, the scattering spectra
were measured to obtain an accurate estimate of the total absorbance. At longer wavelengths, where
detector limitations prevent determination of the scattering, the term extinction is used.

The reflectance spectra of the anti-reflective surfaces were measured in the visible to near-
infrared (IR) and mid-IR wavelength regions using micro-spectroscopic techniques. The visible
to near-IR spectral acquisitions were performed using a combination of an inverted microscope
(IX-71, Olympus, Tokyo, Japan), a halogen lamp and a fiber-coupled charge-coupled device (CCD)
spectrometer (300-1100 nm, C10083CA, Hamamatsu Photonics, Shizuoka, Japan); the light collec-
tion ability was defined by the numerical aperture, N A = 0.3. For the mid-IR region, a Fourier
transform spectroscopy system (1000-15 000 nm, FT-IR-4000, JASCO, Tokyo, Japan) with a micro-
scope attachment that was equipped with a Cassegrain lens with N A = 0.5 (IRT-1000, JASCO,
Tokyo, Japan) was used in both the transmittance and reflectance measurement configurations
(Fig. 1(b)). Metal mirrors made from silver and gold (TFAG and TFG, Sigma Koki , Tokyo, Japan)
were used as the high-reflectance references in the visible-to-near-IR and mid-IR spectral regions,
respectively. The measured reflectance spectra were normalized with respect to the absolute reflec-
tance values of the Au and Ag layers based on the specifications provided by the manufacturer for
the range from 400 nm to 2000 nm. The longer wavelengths up to 15 000 nm were then extrapo-
lated using the Drude model.31,32 The reflection spectra of the reference mirrors are shown in the
supplementary material. The setup used for the acquisition of the light scattering spectra comprised
a 1.5-in.-diameter integrating sphere (Infragold GPS-IG, Labsphere, North Sutton, US) and a colli-
mated halogen lamp that was used as a light source. The sample surface was oriented normal to the
light flux and the scattered light was collected at a port located at 90◦ to both the sample and the
light source ports using the CCD detector and an optical spectrum analyzer (400-1700 nm, Q8381A,
Advantest, Tokyo, Japan), as shown in Fig. 1(c). Each of the optical measurements (for vis-NIR T

and R, NIR-MIR T and R, and vis-NIR S) was performed using a specific optical setup.

C. Numerical modeling

The experimentally measured spectral characteristics of the anti-reflective surfaces are compli-
cated by additional reflections from the opposite (nontextured) Si wafer surface. Numerical simula-
tions were therefore conducted to isolate the behavior of the textured surfaces without including any
residual effects of the fabrication methods. This then provides the ability to estimate the maximal
achievable performance for any given texture.

Numerous disparate approaches have been used to simulate the optical properties of nanos-
tructured anti-reflective surfaces.33,34 Because the geometries of the structures under investigation
are greatly different to previous structures and are not easy to approximate, the vectorial and
time-dependent finite-difference time-domain (FDTD) method was selected to simulate all surfaces
using the same numerical approach.

The FDTD simulations of the optical transmittance and reflectance were performed using
commercially available solver software (Lumerical Solutions, Vancouver, Canada) on large 3D
renderings of representative 10 × 7 µm2 segments of the anti-reflective surfaces, and on a flat Si
surface for reference. These dimensions were chosen for the simulation region because they repre-
sent the size and aspect ratio of the scanning electron microscope (SEM) images that provided the

ftp://ftp.aip.org/epaps/apl_photonics/E-APPHD2-1-001607
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best trade-off for the maximum area at a satisfactory resolution with suitable levels of noise for
the 3D model reconstruction. A model of the NaOH-etched micropyramid-decorated structure was
obtained via the random generation of pyramids on a planar surface. The pyramid parameters were
deduced from the SEM images and were assumed to be normally distributed. The 3D rendering
of the nanospike-covered b-Si surface was directly reproduced from a backscattered SEM image.
The composite b-Si and micropyramid structure model was generated by overlaying the coordinates
of the two corresponding individual models. A broadband pulsed plane wave source was used
for optical excitation in the visible-to-near-IR spectral range. Simulations were conducted for two
perpendicular incident light polarizations and the results were then averaged to obtain the response
for unpolarized light. All simulation boundaries were terminated using perfectly matched layer
boundary conditions.

The transmitted power is registered in the bulk Si at a level 2.5 µm below the structured layer.
The transmittance values were subsequently recalculated by applying the Beer-Lambert law to add
the absorption losses that are expected to occur in the 500 µm Si wafer thickness (which repre-
sents the wafers used in the experiments). The spectral dependence of the complex refractive index
was taken into account on the basis of information reported in the literature.35

III. RESULTS AND DISCUSSION

A. One-step nano-texturing

SEM images that illustrate each of the fabricated single-etch derived surface 3D texture pat-
terns are shown in Fig. 2. The micropyramidal structures that were created via alkaline wet etching
(Fig. 2(a)) range from 2 to 10 µm in height, and thus are quite large in comparison to the wavelength
of light in the visible-to-mid-IR range, and also have a low aspect ratio of ∼0.8. Conversely, the
nanowires (Fig. 2(c)) have exceptionally high aspect ratios of up to ∼150 with the individual wires
having thicknesses in the ∼30-40 nm range and heights in excess of 5 µm. The b-Si surface (see
Fig. 2(b)) is decorated with nanospikes that are ∼100 nm wide and ∼200-300 nm high; unlike the
previous cases, this means that the nanotexturing is strictly sub-wavelength for the spectral range of
interest in this study.

The optical reflectance spectra for these three basic structures are shown in Fig. 3. In the
visible-to-near-IR spectral region, all three structures significantly reduce the surface reflectivity.
The performance of the high-aspect-ratio Si nanowire layers is particularly notable because of the
exceptional 0.3% reflectance throughout the wavelength range.

In contrast, in the mid-IR region, the reflectance begins to increase again at wavelengths greater
than λ = 2 µm. Because the size of the nanospikes that comprise the b-Si surface is the smallest,
this substrate is the first to lose its anti-reflective properties in the infrared range; however, it was
demonstrated that the anti-reflective spectral region can be extended by varying the height of the
microspikes.25 The wet-etched micropyramid and nanowire structures show anti-reflective perfor-
mance up to λ = 7.5 µm, with the former structure having greater randomness and thus exhibiting
a more consistent spectral performance, whereas the nanowires show some interference-derived

FIG. 2. SEM micrographs of the single-etch-step nanotextured Si surfaces that are used as constituent building blocks for
the hierarchical anti-reflectors. (a) Si micropyramid textured surface formed by alkaline wet etching. (b) b-Si nanospikes
fabricated by ICP-RIE etching. (c) Si nanowires formed by Ag-metal assisted HF etching. All scale bars represent 1 µm.
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FIG. 3. Reflectance spectra of the mirror Si, µ-pyramid, b-Si nanospikes, and nanowire structures in the (a) visible and (b)
NIR-to-MIR wavelength regions.

reflectance oscillations. The IR radiation is within the Si band gap, and thus the electromagnetic
energy absorption within the semiconductor in this wavelength range is weak and mostly occurs
because of free carrier absorption. Therefore, when the direct transmittance is high, the spec-
ular reflectance from the rear surface begins to play an important role. In this case, reflectance
suppression is reliant on the scattering of light (by either forward-scattering into the substrate or
back-scattering into the air).

B. Hierarchical nanotexturing

Using a combination of the different fabrication techniques, compound hierarchical nanotex-
tured surfaces can be prepared. The nano/microcomposite structures that are reported here were
prepared using the Si µ-pyramid decorated wafer as a base surface, on which a superstructure
composed of either ICP-RIE b-Si nanospikes (Fig. 4(a)), or metal-mediated wet etching-derived
nanowires (Fig. 4(b)) was then etched. Depending on the dry etching time used, the reactive ion
etched b-Si nanospikes can range in average height from 200 to 700 nm (corresponding to etch-
ing durations in the range from 15 min to 45 min). However, longer ICP-RIE times, which were
expected to yield ∼1 µm nanospikes in a 60 min duration, resulted in the disappearance of the
underlying micropyramidal pattern because of over-etching.

FIG. 4. SEM images of µ-pyramidal structures with superstructures of (a) b-Si nanospikes and (b) nanowires applied to their
surfaces. The scale bars represent 1 µm.
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The RIE etched b-Si nanospikes are formed because of spontaneous and self-regenerative
masking that is a result of agglomeration of the nonvolatile chemical reaction products. However,
metal-assisted wet etching begins by first creating deep holes in the substrate, which subsequently
percolate and then create a densely packed random array of high-aspect-ratio Si nanowires. This
method removes a great deal of the substrate material (up to a depth of ∼5 µm, and thus significantly
larger micropyramids are required to maintain the hierarchical structure. This was achieved using
a more gradual alkaline etching process at room temperature over a longer period of time, which
resulted in the fabrication of micropyramids that were 10-20 µm high. The individual sets of phys-
ical and chemical parameters and the etching time can all be adjusted independently, which means
that this method provides greater control over the properties of the resulting anti-reflective surfaces.
Additionally, the fabrication was performed at the 3 in. wafer scale. Micropyramidal etching and
b-Si formation can thus be accomplished with high structural size distribution uniformity and this
allows similar reflectance performance to be obtained over the entire wafer. However, nanowire
formation by metal-assisted etching requires careful control of the reaction rate. The brittle nature
of these narrow high-aspect-ratio structures provides a particular challenge for rinsing and drying
processes on the wafer scale.

The reflectance spectra of the nano/microcomposite anti-reflective surfaces in the visible-IR
spectral regions are shown in Fig. 5. Both of the combined structures show less than 1% reflec-
tance for visible wavelength light at normal incidence. The micropyramids decorated with b-Si
nanospikes show exceptional reflectance performance, with 80 times lower reflectance than the
micropyramids alone and 10 times lower reflectance than the b-Si nanospikes alone. In the mid-IR
range, (see Fig. 5), enhanced suppression of the reflected light in comparison to that of the
single-etch-step structures is also observed, with the reflectance not exceeding 10% throughout. The
spectra from the composite surfaces are qualitatively similar, with the sole difference being that
the b-Si superstructure-decorated surface shows increased performance in the near-IR range at the
cost of reduced reflectivity suppression in the mid-IR range, whereas the pyramidal/nanospike sur-
face demonstrates intermediate reflectance throughout. In either case, the composite anti-reflective
surfaces significantly outperform any of their single-etch-step counterparts. These results clearly
show that the hierarchical nano/microcomposite structures extensively reduce surface reflectivity.
This knowledge is useful for the solar cell design because it enables mitigation of the losses
associated with reflection, which is a limiting factor for the conversion efficiency.

The reflectivity is contingent on both the scattering at the surface and the absorption of light by
the substrate material. The scattering cross section is dependent on the size and shape of the texture

FIG. 5. Experimentally measured fractions of the reflectance, absorbance, transmittance, and extinction combined over the
vis-IR spectral ranges from flat Si (mirror surface) and five different nanotextured surfaces (see the text for details of these
surfaces).
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features and the wavelength of the incident light. Dimensions of the structures of the order of a
particular wavelength tend to effectively scatter that light, which thus increases the potential number
of light-matter interaction events. Additionally, if the dimensions of the gaps that separate such
structures are also of the same order of magnitude as the wavelength, the electromagnetic energy
can be localized and accumulated there, thus further aiding in the absorption process. However,
while all scattering suppresses the specular reflections, only the light that is scattered into or is in the
immediate vicinity of the substrate contributes to the enhanced absorption. Therefore, to understand
the underlying reasons for the anti-reflective performances of the surfaces under consideration in
this work, it is important to discriminate between the light that is scattered into the air and the light
that is scattered into the semiconductor material.

Figure 5 shows the optical transmittance spectra at normal incidence for all the anti-reflective
surfaces, which, in the IR wavelength region and beyond the Si absorption band, are roughly equiv-
alent to the fraction of the electromagnetic radiation that is scattered into the substrate. Notably, the
micropyramid patterned surfaces, including the micro/nanocomposites containing nanowires and
b-Si, show the lowest transmittance values. The planar nanowire, b-Si nanospikes, and flat Si wafer
surfaces show higher transmittance values in that order. In contrast, Fig. 5 also shows the scattering
intensity ratio that was measured using an integrating sphere, and this ratio is proportional to the
fraction of light that is diffusely back-scattered into the air. It is evident that for wavelengths beyond
λ = 1100 nm, all types of texturing increase the scattering, with the micropyramids having the
strongest effect. In the near-IR region (beyond the Si band gap), the sum of transmitted, reflected,
and scattered light is nearly equal to 100% for all surfaces under study. These findings therefore
indicate that while surface texturing does cause reflection to decrease in the near-IR region, most of
the light is not absorbed, but is either transmitted or scattered. However, the composite micropyra-
midal surfaces with etched-in nanowires or b-Si nanospikes show almost 100% light absorption in
the UV to visible wavelength regions.

The lowest reflectivity was measured from the surfaces of the micropyramids that were covered
with the b-Si spikes (Fig. 5) and was more than 10 times below the level achieved using single-etch
texturing, depending on the b-Si treatment time (and the resulting height of the nanospikes). Reflec-
tance suppression could be further enhanced via the application of an overlaid SiN or SiO2 film,
which would mediate between the low refractive index of air and the high refractive index of Si,
while also forming quarter-wavelength interference coatings for specific wavelengths.36 One added
benefit of this type of film is that it also reduces surface recombination, which is important in solar
energy harvesting applications.37 Similarly, nanotextured light trapping structures that were created
using metal-assisted etching have been used successfully at the rear side of a solar cell, with a thin
atomic layer deposited ZnO overlayer separating the Si surface from the electrode and acting as a
tunnel oxide-passivated contact.38

C. Numerical modeling

The FDTD simulations that were conducted on the composite b-Si nanospike and nanowire
decorated micropyramids and the constituent micropyramids, nanowires, and nanospikes them-
selves (along with the flat Si surface for reference) corroborate the experimental findings, as demon-
strated by the numerically modeled single-boundary reflectance and transmittance spectra shown
in Fig. 6. The experimentally measured reflectance and transmittance spectra are influenced by the
reflections from the opposite (nontextured) Si wafer surface. Therefore, while their results are not
directly comparable with those of the experiments, the single-boundary simulations provide compli-
mentary information on the behavior of a given topology. However, because of the computationally
limited size of the simulated Si volume and the limited sampled areas of the random surfaces,
and because the rear-side surface reflection is disregarded, the numerical simulations predict higher
transmittance values than those observed experimentally. Additionally, some discrepancies in the
transmittance results between the simulations and the experiments are observed for both the b-Si
spikes and the nanowires when compared with the flat Si surface, because the transmission through
the flat Si was stronger in the experiments. In addition, the simulations in the 0.4 µm–2 µm wave-
length range predict that the flat nanowire surfaces will yield superior anti-reflective properties.
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FIG. 6. FDTD simulation results for surface textured samples. Simulated (a) reflectance and (b) transmittance spectra
of nanotextured surfaces; note the logarithmic scale used for R here. Numerical errors due to high-frequency noise are
highlighted by the grey region along the line in (a). 3D renderings of the surfaces under numerical investigation, i.e., planar
b-Si, NaOH etched micropyramids, composite micropyramid/b-Si surfaces, which were made using SEM data (the pictorial
markers represent the patterns used in the simulations; see the text for full details). Silicon optical constants taken from the
Lumerical database were used.

One possible reason for the deviations between the experiments and the simulations is that in the
experiments, there was a limitation to the transmission and reflection collection efficiency that was
imposed by the numerical apertures of the lenses used (N A = 0.3 for visible and N A = 0.5 for
IR), while in the simulations, all the light intensity is captured by a suitable close placement of the
monitors relative to the surface (N A→ 1). However, this provides a good way to determine the part
of the anti-reflective effect that is due to scattering of the light into the Si substrate at various obtuse
angles (i.e., the light that is trapped in the substrate and thus cannot be measured directly). Place-
ment of the transmittance monitor close to the textured surface allows it to capture both the directly
transmitted and scattered light. In contrast, the opposing Si surface prevents the transmission of
most of the forward-scattered light so that it cannot be detected experimentally. In this context,
it is unsurprising that the plain micropyramid structures show the lowest transmission because of
the dominant in-plane scattering. Additional nanotexturing of the pyramids broadens the range of
k-vectors at which the light is scattered, and thus increases the simulated near-field transmission,
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with the nanowire decoration effect being most prominent. Also, the simulated transmittance values
for the single-step-textured b-Si and nanowire surfaces are higher than those for flat Si, whereas
the experimental measurements show that texturing suppresses the transmittance. This illustrates an
important concept: that nanotexturing aids in the coupling of light into the substrate, but does so at
the cost of the transmittance.

Another possible reason for the mismatch between the results of the theory and those of
the experiments is the definition of the light source in FDTD, which causes coherent addition
of the fields39 and makes the readout of the local light field intensity sensitive to minor changes
in the monitoring location. To overcome this issue, it would be necessary to perform multiple
simulations using different random samples of the same surface along with different placements of
the light source and different average intensities; this is planned to be done as part of our future
work.

As mentioned previously, when the structures that comprise the nanotexture are comparable in
size to the wavelength, as in the cases of the nanospikes and the nanowires, they strongly scatter and
absorb that light. Additionally, if these structures are sub-wavelength in scale, the light perceives
them as an effective index medium that eases the coupling of electromagnetic energy from the air
to the semiconductor and vice versa. However, the interaction of the comparatively large micropy-
ramids with visible light can be accounted for using a ray optics approximation, and is thus shown
to mostly contribute to the scattering. However, angled reflections off the pyramidal faces can be
beneficial when these faces have been decorated using sub-wavelength structures such as nanowires
and nanospikes because this allows multiple light-matter interactions. Additionally, the increased
surface area can support a higher nanoscale feature density and thereby offers increased absorbance
and an extremely suppressed reflectance.

IV. CONCLUSION AND OUTLOOK

It has been demonstrated that hierarchical nanotexturing of Si surfaces effectively reduces the
surface reflectivity to more than 10 times below that of typical single-etch step nano/microstructures
over the visible wavelength region at normal incidence. Numerical modeling of the reflectance,
transmittance, and extinction based on the patterns that were obtained from SEM imaging qual-
itatively describes the optical performance of these hierarchical nanotextured surfaces well. Pro-
duction of the hierarchical random nanoscale patterns that are fabricated on Si is both simple and
scalable. The resulting surfaces can be used in large surface area applications and can serve as tem-
plates for replication of the nanotexture for numerous applications in rapidly evolving fields such as
super-capacitors, electrodes, and optical coatings. Light extraction surfaces for light-emitting diodes
and for the control of surface emissivity represent another potential field of applications to add to
use in photovoltaics, thermovoltaics, black body light sources, and broadband reflectance suppres-
sion coatings;20,40 all these structures can benefit from hierarchical patterns of nano-microscale
structures.

SUPPLEMENTARY MATERIAL

See the supplementary material for the reflection spectra of the reference Au and Ag mirrors.
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