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ABSTRACT: Artificial structural colors arising from nano-
sized materials have drawn much attention because of
ultrahigh resolution, durability, and versatile utilizations
compared to conventional pigments and dyes. However, the
limited color range with current approaches has interrupted
the supply for upcoming structural colorimetric applications.
Here, we suggest a strategy for the widening of the color
gamut by linear combination of two different resonance
modes originating from silicon nanowire arrays (Si NWAs)
and metal—insulator—metal nanoresonators. The enlarged
color gamut representations are simply demonstrated by
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transferring Si NWAs embedded in a flexible polymer layer without additional treatment/fabrication. Optical simulation is used
to verify the additive creation of a new resonance dip, without disturbing the original mode, and provides “predictable” color
reproduction. Furthermore, we prove that the proposed structures are applicable to well-known semiconductor materials for

various flexible optical devices and other colorant applications.
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B INTRODUCTION

Structural coloration originates from the phenomena of light
interaction in specific wavelength ranges of the visible
spectrum, which can be modulated by controlling the
geometrical parameters such as the diameter, period, shape,
and environmental conditions.'™® To date, the specific light
absorption features of organic pigments and dyes are
commonly used to obtain color selectivity with mixing different
color ingredients. However, these materials suffer from
limitative resolution, environmental vulnerability such as
chemicals and ultraviolet rays, and device compatibility.”*
Compared to traditional coloration approaches, nanostructural
coloration mechanisms based on plasmonic nanostructures,
metal—dielectric multilayers, and photonic crystals have been
promoted for ultrahigh resolution and nonfading colors.”™"*
Furthermore, these types of color generation have attracted a
great deal of attention in hopes of achieving future printing
technologies for multipurpose utilization such as bright-field
color prints, micro/nanosized steganography, anti-counter-
feiting labels, nanoscale optical filters, refractive index sensing,
and spectrally encoded optical data storage using their various
structural functionalities.'”"*~>*

Among the various materials used for coloration, silicon (Si)
is considered a strong candidate because of its remarkable
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advantages such as low cost, high stability, and well-developed
fabrication methods.**™*" In particular, Si nanostructures have
been considered in structural coloration because of their
selective absorptive properties, originating from light resonance
effects such as leaky, guided, and Bloch modes.”*%™% Using
the aforementioned properties, multicolor generation by
silicon nanowire arrays (Si NWAs) has been successfully
demonstrated for reflective/transmissive structural color
filters. "%

For more practical colorimetric applications, a linear
combination of two or more resonance characteristics in
each layer is required to extend expressible color ranges. The
separation of hybrid resonances in patterned MIM structures
has been previously reported to enhance the color gamut
depending on the dielectric thickness and various metals in
transmissive/reflective color filters.”>*® Mixed nanodisks were
demonstrated for color mixing properties.48 However, the most
complex multilayered structures are having difficulties in
perfect linear combinations of additional reflectance dips at
desired visible wz:tvelengths.w"‘g_54 Furthermore, colored
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Figure 1. (a) Schematic illustration of TSNA-MIM (dashed area), TSNA, and MIM structures. (b) Tilted view of scanning electron microscopy
(SEM) images for bottom side of TSNA and photographs of TSNA on white paper (inset). (c) Absorption profiles of green-colored TSNA-MIM
filter at 450 and 600 nm wavelengths. (d) Bright-field microscopy images (MIM: top/left, TSNA-MIM: top/right) and measured reflectance
spectra of MIM and TSNA-MIM with different diameters and periods of Si NWAs (i.e,, d = 70 nm, p = 600 nm and d = 80 nm, p = 1250 nm) and
insulator (SiO,) thicknesses (i.e., 90, 120, and 150 nm) (lower). (e) Corresponding chromaticity coordinates from measured reflectance spectra in

().

nanostructures have been precisely engineered by high-tech
processes such as direct laser writing, electron beam
lithography, and oblique angle deposition.'”™"® Despite full
color generation achieved during last years, these approaches
cannot be modifiable after color production.

To overcome the abovementioned issues, in this work, we
present transferable silicon nanowire arrays embedded in a
transparent polymer (TSNA) for enabling additive creation of
reflectance dips to generate a widened color gamut without any
resonance interaction between neighboring structures; this
structure is easily transferable to other reflective colored filters.
The hydrophobicity of the polydimethylsiloxane (PDMS)
polymer leads to the passivation effect from external chemical
reaction.> As a typical reflective color filter, the metal—
insulator—metal (MIM) trilayer configuration, which provides
subtractive colors generated by the Fabry—Pérot resonance, is
employed to demonstrate the color mixing properties.”®™* In
the process, we designed and fabricated TSNA, MIM, and their
TSNA-MIM combination for more versatile color reproduc-
tion. Furthermore, the enhanced color gamut representations
of TSNA-MIM are discussed with the results of reflectance
spectra analysis. Also, optical simulation results including
reflectance contour maps, light absorption, and chromaticity
diagrams with color representation support our concept more
specifically. To verify the versatility of our method, we
additionally performed theoretical analysis of the proposed
structures with various high-index semiconductor materials.
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B RESULTS AND DISCUSSION

Figure la exhibits a schematic representation of the trans-
ferable silicon nanowire arrays embedded in a transparent
PDMS polymer (TSNA) on a metal—insulator—metal (MIM)
nanoresonator (TSNA-MIM). This illustration shows the
strategy for color shifts of the structure via stacking TSNA.
The representative tilted surface morphology is obtained from
field emission scanning electron microscopy (FE-SEM, Hitachi
S-4700) of the TSNA, and the inset provides a photograph of
the same (see Figure 1b). The diameters lie within the range of
60—110 nm necessary for generating resonant dips in the
visible spectral range from 400 to 700 nm. The TSNA
themselves act as a transparent band-stop filter at specific
wavelength ranges with colors (inset of Figure 1b).>*7* One
interesting feature of this polymeric photonic film is that it is
“transferable” to various foreign substrates because of PDMS
stacking properties with flexibility. In this study, we particularly
focus on color reproduction by stacking TSNA for various
colored reflective filters. In conventional MIM structures
consisting of the Ag/SiO,/Ag multilayer, the three primary
subtractive colors (ie, cyan, magenta, and yellow) were
generated by the Fabry—Pérot resonance, which have narrow
bandwidth of an absorption spectrum. Thus, absorption band
is shifted toward larger wavelenSgths with increasing cavity
thickness (see Figure S1).°°7°% Figure 1c presents the
absorption profile for a green-colored TSNA-MIM structure
to confirm resonance independency of our proposed structure
at 450 and 600 nm wavelengths. The TSNA with desired
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Figure 2. Schematic illustration for TSNA-MIM preparation steps. (a) Fabrication method for silicon nanowire arrays. (b) Cross-sectional SEM
images of Si NWAs with the diameters of 70, 90, and 110 nm. (c) 45° tilted view SEM images of Si NWAs and detached Si NWAs. (d) Mechanical
peeling off of PDMS embedded Si NWAs using blades (top) and transferring of Si NWAs embedded in flexible polymer onto colored films
(bottom). (e) Photographs showing transferring process (top) and TSNA-MIM (bottom) with yellow background colors (bottom, inset).

geometry can provide a reflectance dip because of the HEI1
mode at different wavelengths (e.g., 450 nm in this
calculation).” On the other hand, MIM structures with an
insulator (SiO,) thickness of 150 nm afford a strong
absorption at ~600 nm as shown in Figure lc. The light in
each structure strongly absorbs to form two reflectance dips at
450 and 600 nm without any loss. From these results, it proves
that our proposed TSNA will be applied to optical devices
requiring resonance selectivity. Bright-field microscopy images
of representative samples (i.e., conventional MIM (top left)
and combined TSNA-MIM structures (top right)) and their
measured reflectance spectra are shown in Figure 1d. It is
obvious that the additional reflectance dip drastically changes
the presented colors from CM (dashed lines) to RGB (solid
lines). In particular, it is observed that these two structures do
not disrupt with each reflectance dip, which results in a linear
combination of two different operational modes. This dramatic
change in color alleviates the drawbacks of common MIM
color filters and enhances the applicability in colorimetric
purposes. Figure le shows CIE coordinates obtained from
reflectance measurements. The color shifts and the enlarged
color gamut occurred for combined structures corresponding
to the results shown in Figure 1d.

Figure 2a shows the schemes of fabrication steps for Si
NWAEs. First, a Si substrate was thermally annealed to form a
SiO, layer (~200 nm thick). Then, SiO, nanodisk arrays with
different diameters (200—250 nm) were patterned in 10 nm
increments by a KrF scanner lithography (Nikon Inc., KrF
scanner S203-B). Si was etched (~2 ym deep) by a reactive
ion etching anisotropically (RIE, Oxford Plasmalab 133).
Hydrofluoric (HF) treatment was applied to remove SiO,
residues, and the etched wafer was treated precisely with
thermal oxidation (~60 nm thickness) to reduce the nanowire
diameters from 60 to 110 nm. Finally, HF wet etching process
was followed to remove the SiO, residues again. The fabricated

vertical silicon nanowire arrays with different diameters were
shown in Figure 2b. Polydimethylsiloxane (PDMS) polymer
was prepared with a base to a curing agent ratio of 5:1 (Sylgard
184, Dow Corning Corporation, USA), which was under a
vacuum for 30 min to remove air bubbles from a polymer. The
PDMS layer was poured and spin coated with 1000 rpm for 60
s on the silicon nanowire substrate. To cure the PDMS layer,
we annealed on a hot plate at 230 °C for 2 h. Then, natural
curing was performed at room temperature for 3 h. After the
PDMS polymer was cured, a blade (NT-Cutter, BSC-21P) was
used as a sharp scraper to peel off the PDMS-embedded silicon
nanowire arrays. Figure 2c shows the geometry information for
silicon nanowire arrays (left) and detached nanowire arrays
(right). Figure 2d illustrates the simple steps that were needed
to transfer TSNA onto the MIM cavity. Finally, the TSNA was
mounted on a MIM to arrive at our final TSNA-MIM
structure. Figure 2e shows transferring process on MIM with
color yellow, the TSNA has excellent flexibility and trans-
ferability (see Figure 2e, top). The photographs images for
TSNA-MIM are shown in Figure 2e (bottom).

To understand the optical aspects of our proposed structure,
the rigorous coupled-wave analysis (RCWA) was used to
calculate varying diverse geometric parameters such as the
nanowire diameter and cavity thickness using commercial
software tools (DiffractMOD, RSoft Design Group, USA). In
the calculations, the 15th diffraction order for RCWA and a
grid size of 1 nm with periodic boundaries were used. The
reflectance spectra and absorption profiles were simulated by
averaging the TE and TM polarization modes. Material
dispersions and extinction coefficients were considered for
wavelength dependency. Commercial MATLAB (Mathworks,
Inc.) software was used to calculate the chromatic information
from the calculated and measured reflectance spectra.”” The
optical constants of semiconductor materials were taken from
the previous literature.’” First, we compare the MIMIM and
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Figure 3. Simulation results for TSNA-MIM filter. (a) Comparison of MIMIM and TSNA-MIM filter. (b) Schematic illustration of
PDMS embedded Si NWAs on MIM. (c) Contour plots of reflectance spectra with different cavity thicknesses: (h, = 0, 90, 120, and 150 nm) with
fixed parameters for Si NWAs (p = 1250 nm, h; = 2 um). (d) Color representation from calculated results in (c). (e) Chromaticity diagrams
corresponding to calculated results. The dashed arrow indicates increasing diameters of Si NWAs from 60 to 110 nm in 10 nm increments.
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Figure 4. (a) Measured reflectance spectra for MIM with top layer Ag (30 nm)/SiO, (90, 120, and 150 nm)/Ag (100 nm) on Si substrate for
yellow, magenta, and cyan colors, respectively. (b) Reflectance spectra for TSNA on silver and yellow-, magenta-, cyan-colored MIM (solid lines:
measured reflectance and dotted lines: simulated reflectance). (c) Correlation between experimental and simulated reflectance dips with varying
Si NWA diameters. (d) Color representation from measured reflectance spectra for TSNA-MIM. (e) Bright-field microscopy images for TSNA-
MIM. (f) Chromaticity coordinates corresponding to reflectance spectra shown in (b). The dashed arrow indicates increasing diameters of
Si NWAs from 60 to 110 nm in 10 nm increments.
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TSNA-MIM multilayers to uncover the difficulties in creating a
new reflectance dips for an existing structure. In the case of
MIMIM, the upper MIM (Ag (30 nm)/SiO, (90 nm)/Ag (30
nm)), the lower MIM (Ag (30 nm)/SiO, (130 nm)/Ag (100
nm)), and the MIMIM (Ag (30 nm)/SiO, (90 nm)/Ag (30
nm)/Si0, (130 nm)/Ag (100 nm)) were simulated. The
strength of the reflectance dip in the top MIM was almost the
same compared with that of the MIMIM at 410 nm
wavelength, but the dip depth of the bottom MIM structure
was decreased at 620 nm wavelength (Figure 3a, top). The
light absorption occurs in the upper MIM layer, which hinders
resonance in the lower MIM layer (see Figure S2). On the
other hand, TSNA-MIM exhibits well-combined reflectance
dips before/after combination. To further understand the
applicable geometry of the TSNA-MIM parameters, additional
optical simulations were carried out. Figure 3b provides a
schematic illustration of the sample structure that was used for
the simulations in which the parameters d, p, and h; represent
the diameter, period, and height of the nanowire arrays,
respectively. The parameter h, represents the insulator (SiO,)
thickness of the MIM. Contour maps of the simulated
reflectance spectra as a function of wavelength and diameter
of the nanowire, with constant values of period and height of
nanowire (p = 1250 nm and h; = 2 pm) for different
thicknesses of cavities (i.e., h, = 0, 90, 120, and 150 nm), are
shown in Figure 3c. It can be observed that the dip in
reflectance spectra shifts to longer wavelengths with linear
dependence on the diameter of the nanowire (see Figure 3c),
which is in good agreement with the results reported by other
works in the literature.”” The reflectance dips for silicon
nanowire arrays were found to shift with changes of height,
period, refractive index, and air gap between TSNA and MIM
(see Figure S3). Moreover, the angle properties are plotted in
Figure S4. The periodic Si NWAs have diffraction character-
istics with angle dependent coloration to the incidence light.
These optically variable coloration effects are useful for
security/authentication functions,' 731734 By increasing the
cavity thicknesses (h, = 90, 120, and 150 nm for yellow,
magenta, and cyan, respectively), the peaks were found to shift
toward longer wavelengths (4 = 410, 510, and 600 nm,
respectively). It was further observed that the MIM structure
and the TSNA do not disturb each other, which can be
confirmed by their independent reflectance dips after stacking.
The representative colors corresponding to these reflectance
spectra for the different values of d and h, were estimated. To
consider our proposed structures in terms of coloration, we
conducted a color representation, as displayed in Figure 3d,
from the calculated reflectance (see Figure SS). It is worth
mentioning that the colors of these structures can be variously
tuned by playing with the parameters of the nanowires and the
thickness of the cavity (see Figure 3d). To demonstrate the
tunability of colors more quantitatively, the coordinates on the
International Commission on Illumination (CIE) plots for the
above structures are shown in Figure 3e. We note that all
dashed curves rotate clockwise with an increasing diameter of
the Si NWAs. Our structure can be realized in the wide color
gamut through adjustment of Si NWA geometric parameters
and SiO, thickness without changing materials.

We experimentally fabricated and measured reflectance
spectra for MIM alone and TSNA-MIM structures (see Figure
4a,b). To obtain the desired reflection spectra for Si NWAs,
diameters of 60 to 110 nm in 10 nm steps were used in these
experiments. The top silver layer thickness was 30 nm to form

vivid colors with the proper dip depth of reflectance. The
reflectance dip is strongly generated as the absorption in the
upper silver layer increases from 10 to 30 nm. However, more
than 40 nm external light is reflected, and the effect of cavity is
reduced (see Figure S1); the insulator layer thickness was
varied to 90 nm for yellow, 120 nm for magenta, and 150 nm
for cyan. The color can be adjusted according to the cavity
thickness. The thickness was kept constant at 100 nm to
exclude the light transmission. The diameters of the Si NWAs
were changed from 60 to 110 nm in 10 nm increments. The
creation of reflectance dips and peaks was significant for a color
representation.””>> To compare with simulation results,
simulated (dotted lines) and measured (solid lines) reflectance
spectra are plotted in Figure 4b. The addition of the reflectance
dips in the hybrid structures can be observed. It was confirmed
that the dips changed only according to the diameter of the Si
NWAs while the reflectance dips of the existing MIM structure
were maintained. Figure 4c shows correlation between dips
observed in the measured and simulation data. These
tendencies for the reflectance dip that shifts varying diameters
were almost consistent with the aforementioned simulation
results. The colors were estimated from these measured
reflectance spectra as shown in Figure 4d. From the results, it is
possible to determine that the colors can be fine-tuned by
adding the reflectance dips experimentally and changing the
various parameters of the Si NWAs. Corresponding optical
microscopy images are shown in Figure 4e. We note that the
estimated colors and bright-field microscopy images are in very
good agreement with each other. To demonstrate the enlarged
color gamut, the standard CIE contour plots of these hybrid
structures are shown in Figure 4f. Upon changing the diameter
of the Si NWAs in the clockwise direction, the initial colors
(cyan, magenta, and yellow) were found to change to a wide
range of colors. To ensure versatility of the polymer-embedded
structure, additional simulations were performed on various
materials to show the possibility of color tunability. We chose
four different well-known semiconducting materials: GaN,
GaAs, SiGe, and Ge. We simulated the reflectance spectra of
these different nanowires as a function of wavelength and
diameter of the NWAs (see Figure Sa) while keeping the other
parameters constant (p = 1250 nm and h; = 2 um).
Interestingly, the reflectance dips follow the diameter depend-
ence as in the present experimental results. For all the different
materials, the corresponding colors as a function of diameter
are shown in Figure 5b. The NWAs on MIM structures are
shown in Figure S6. It may be observed that Ge and SiGe show
less effect for the gamut range, whereas the GaAs and GaN
materials offer much better gamut expansion. Standard CIE
plots for all these materials are shown in Figure Sc. In the CIE
plots, it is evident that the range of color tunability is in the
order of low to high for Ge, SiGe, GaAs, Si, and GaN materials.
The optical constants including refractive indices (n) and
extinction coefficients (k) on the left and right axes,
respectively, are shown in Figure S7. We note here that the
extinction coeflicients for the Ge, SiGe, GaAs, Si, and GaN
materials with a high refractive index (n) are in decreasing
order. This decreasing order of k values can be attributed to
the increasing order of the color tunability, which plays a
crucial role in color generation. Also, the GaN-based
coloration study offers more possible color tunability, and so
Si-based technology can be promising due to its low cost/
mature fabrication properties.
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Figure S. (a) Contour plots for reflectance spectra calculated from
RCWA simulations for GaN, GaAs, SiGe, and Ge NWAs embedded
in PDMS polymer on silver background. (b) Color representation. (c)
Chromaticity coordinates corresponding to reflectance spectra shown
in (a). The dashed arrow indicates increasing diameters of nanowire
arrays from 60 to 120 nm in 10 nm increments.

B CONCLUSIONS

We have demonstrated the enhancement of color gamut
expression by transferring the silicon nanowire arrays
embedded in a flexible and transparent polymer. The silicon
nanowire was adopted to selectively absorb the light in visible
regions by modulating a geometric parameter such as
diameters from 60 to 110 nm. We confirmed the color
gamut tunability of the TSNA structure by stacking onto the
cyan-, magenta-, and yellow-colored MIM reflective filter.
Furthermore, we found that the independent phenomena of
the two different resonances caused by silicon nanowire arrays
and metal—insulator—metal films, which are difficult to realize
in a general nanostructured multilayer. These results show that
TSNA has independent wavelength selectivity, which is not
affected by other light resonances. We also prove that polymer-
embedded nanowire arrays are applicable to well-known
semiconductor materials (i.e, GaN, GaAs, Ge, and SiGe) for
various colorant applications. Using this approach, we believe
that the enhanced color tunability and independent light
resonance features of our proposed structures can be used as
future color applications such as optical filters, security/anti-
counterfeiting labels, and flexible decorative devices.
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