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observation),[1–3] biomedical imaging (e.g.,
Multiple band optical ﬁlters for optical smart sensing, which is simultaneous
ﬂuorescence microscopy and in vivo therapeutics),[4–6] day/night cameras,[7,8] color
multispectral detection of objects, are intensively used in many applications, such
ﬁlters,[9] and optical wireless communicaas remote monitoring, biomedical imaging, wearable optical sensors, and
tions.[10] Multiple band optical ﬁlters have
wireless communication. Typically, periodically stacked dielectric layers are used
been highlighted as key components in
in multiple band optical ﬁlters. However, the use of dielectrics inevitably results in
multispectral sensing, but conventional
rigidity and inﬂexibility, which is not suitable for advanced smart optical sensors
multiband ﬁlters are based on tens or more
fabricated on ﬂexible substrates. Therefore, herein, a strategy to implement soft/
pairs of dielectric materials,[11,12] which
tunable multiband optical ﬁlters made from silicon nanowire array-based
makes them inherently rigid and inﬂexible.
stackable optical ﬁlters (Si NW-SOFs) composed of polymeric membranes
However, their stiff mechanical charactercontaining vertical silicon nanowire arrays that ﬁlter light from visible to nearistics are not applicable for the recently
developed thin/ﬂexible optical smart seninfrared regions with a narrow bandwidth is proposed. Theoretical and experisors, which are fabricated on ﬂexible
mental results indicate wavelength selectivity by geometrical parameters (e.g.,
[13–15]
substrates.
In addition, the ﬁltering
diameter, period, and height) and the absence of optical disturbance between the
band
cannot
be
tuned
after producing perilayers in the integrated states. Therefore, multiband optical ﬁlters with single- to
odically stacked dielectric layers. Also, the
triple-band stops are easily created by changing Si NW-SOFs. Finally, imaging
recently reported band-tunable ﬁlters are
demonstrations that involve the ﬁltering of monochromatic light sources of three
limited in reﬂective ﬁlter types.[16,17]
wavelengths (i.e., red, green, and blue) and ﬂuorescent biological tissues show
Herein, we present a pathway for the
the practical multiple band characteristics of Si NW-SOFs.
facile implementation of soft/tunable multiband transmissive optical ﬁlters using Si
nanowire arrays-based stackable optical ﬁlters (Si NW-SOFs) with high wavelength
For smart sensing, hyperspectral imaging and/or sensing, which
selectivity and ﬁne/wide bandwidth tunability. Wavelength selecprovides information from different spectral domains in a single
tivity results from the HE11 mode of the leaky/guided mode,
exposure, have been exploited in several ﬁelds such as remote
which is excited even in nanowires with diameters that are a
sensing (e.g., vegetative health monitoring and astronomical
few tens of nanometers and that exhibit diameter dependence (see Supporting Note 1 and Figure S1, Supporting
Information, for theoretical details).[18–22] For ﬁne/wide bandG. J. Lee, Y. J. Kim, H. S. Song, Prof. Y. M. Song
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tune the optical ﬁltering band (Figure S2, Supporting
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Information). Based on these features, we design and fabricate
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National Nanofab Center
top-down process (see Supporting Information for details). In
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of integrated Si NW-SOFs with single- to triple-band stops. In
addition to the spectral results, we experimentally demonstrated
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the multiband ﬁltering feature of Si NW-SOFs by exposing Si
NW-SOFs, which are located on an imaging sensor, to monochro© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA,
matic light sources of three wavelengths. In addition, we prove
Weinheim. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
that our Si NW-SOFs allow ﬂuorescence tissue imaging by passing
reproduction in any medium, provided the original work is properly cited.
ﬂuorescent light and blocking an excitation laser light. Thus, we
believe that Si NW-SOFs advance the ﬁelds of next-generation
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optoelectronics and smart sensors for advanced intelligent
systems.
Figure 1a presents the schematic of integrated Si NW-SOFs
for multiband ﬁltering. The inset in Figure 1a is a photograph
that displays yellow and nearly transparent Si NW-SOF layers
that have optical resonances in the visible and near-infrared
(NIR) ranges, respectively. In addition, the overlapped region
shows a nearly yellow color because individual Si NW-SOFs
barely inﬂuence the other layer. Figure 1b depicts the measured
transmittance spectra of individual and integrated Si NW-SOFs.
This result demonstrates that the inherent resonance characteristics of each layer are maintained when Si NW-SOFs are integrated. Figure S3, Supporting Information, shows the structural
notations, and the measured Si NW-SOFs have the following
geometrical parameters: D1 ¼ 100 nm, Λ1 ¼ 600 nm, and
H1 ¼ 2 μm and D2 ¼ 160 nm, Λ2 ¼ 1250 nm, and H2 ¼ 2 μm.
To investigate the effect of the misalignment of the two layers,
theoretical simulations are performed as functions of wavelength and displacement (Figure 1c). The simulation result demonstrates that the resonant wavelengths, which originate from
two Si NW-SOFs, are retained regardless of the displacement.

Figure S4, Supporting Information, explains the displacement
and its simulation domain. Electric ﬁeld simulations demonstrate that this stacking method does not suffer from optical
crosstalk between the stacked layers (Figure 1d). At a shorter resonant wavelength (500 nm), an electric ﬁeld is conﬁned only
along the interface of the bottom Si nanowires with a shorter
diameter (100 nm), whereas at a longer wavelength (850 nm),
the strong electric ﬁeld is localized around the upper Si nanowire
with a longer diameter (160 nm). This independence of resonant
wavelengths enables the facile implementation of multiple band
optical ﬁlters.
Furthermore, the stacking of two Si NW-SOFs with resonant
wavelengths in both visible ranges allows various color changes,
owing to the aforementioned pass bandwidth tuning (Figure S2,
Supporting Information). Figure 1e shows examples of coloration where the bottom and top Si NW-SOFs exhibit yellow (Y)
and cyan (C) and magenta (M) and cyan (C) colors, respectively.
The geometrical parameters in each Si NW-SOFs are as follows:
1) the yellow Si NW-SOF has D ¼ 100 nm/Λ ¼ 600 nm/
H ¼ 2 μm, 2) cyan Si NW-SOF has D ¼ 100 nm/Λ ¼ 900 nm/
H ¼ 2 μm, and 3) magenta Si NW-SOF has D ¼ 80 nm/

Figure 1. a) Schematic illustration of the Si NW-SOF. The inset shows the Si NW-SOF with resonance in the visible and near-infrared ranges. b) Measured
spectra of the (top) individual and (bottom) integrated Si NW-SOFs. In the ﬁrst layer, the diameter (D1) and period (Λ1) are 100 and 600 nm, and the
second layer has a 160 nm-diameter (D2) and a 1250 nm-period (Λ2). All are 2 μm high. The detailed structural parameters are presented in Figure S3,
Supporting Information. c) Calculated transmittance spectra versus the displacement of the ﬁrst and second layers. The deﬁnition of displacement is
depicted in Figure S4, Supporting Information. d) Simulated electric ﬁelds for the aligned state (see Figure S4, Supporting Information for details) at the
wavelengths of 500 and 850 nm. e) Optical microscopy images of two monolayer Si NW-SOFs, such as (left) yellow (Y) and (right) magenta (M), and
bilayer Si NW-SOFs, including (left) yellow þ blue (Y þ C) and (right) magenta þ yellow (M þ Y). The center image shows cyan (C)-colored Si NW-SOF.
This demonstrates that the Si NW-SOF enables ﬁne coloration by tuning pass band in the visible light range (Figure S2, Supporting Information).
f ) Photograph of the softness of the Si NW-SOF. Changes in the structural parameters, such as diameters and periods, result in color variation.
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Λ ¼ 1250 nm/H ¼ 2 μm. The integrated Si NW-SOFs with
yellow–cyan and magenta–yellow pairs display green and red
colors due to subtractive color mixing because Si NW-SOFs
are also subtractive optical ﬁlters. Therefore, depending on the
application, our Si NW-SOFs can be used as high-purity color
ﬁlters. In addition to optical characteristics, Si NW-SOFs, which
are composed of 1D nanostructures and thin polymers, have
remarkable mechanical softness (Figure 1f ). The mechanical
softness of semiconductor nanowire arrays has been previously
studied.[16,17,23]
Figure 2a shows the simulated and measured spectral properties of Si NW-SOFs as a function of diameter with a 10-nm step.
The results of the simulations and measurements are notably
coincident and show that the resonant wavelength of Si
NW-SOFs is linearly proportional to the diameter, which demonstrates exceptional wavelength selectivity and tunability. As the
abovementioned, the resonant wavelengths of Si NW-SOFs

are diameter-dependent excited by leaky/guided waveguide
modes of nanowires, particularly the HE11 mode, which is dominant in nanowires since it can be allowed even in tiny diameters
(a few tens of nanometers). The dispersion relation of the leaky/
guided mode shown in Figure S1, Supporting Information, also
supports the diameter-dependent resonant feature of simulation
and measurement. In addition to the inﬂuence of the diameter,
other structural parameters, such as period and height, are
computationally studied and optimized (Figure S5 and S6,
Supporting Information). These results indicate that Si
NW-SOFs with a height of 2 μm can function effectively. Also,
except for a considerably short period exhibiting broadband
absorption, excellent ﬁlter characteristics are exhibited above
the sufﬁcient period (e.g., period > 600 nm). Based on this optimization process, the fabrication of Si NW-SOFs is conducted via
the top-down process depicted in Figure S7 and S8, Supporting
Information. The scanning electron microscopy (SEM) images

Figure 2. a) Simulated and measured transmittance spectra of Si NW-SOFs with diameters from 80 to 170 nm. b) Contour plot of the measured transmittance spectra of bilayer Si NW-SOFs with different diameters of the top Si NW-SOF. The structural parameters of the measured Si NW-SOFs are as
follows: D1 ¼ 100 nm, Λ1 ¼ 600 nm, Λ2 ¼ 1250 nm, and H1 ¼ H2 ¼ 2000 nm. c) Optical microscopy images of mono- and bilayer Si NW-SOFs. The
monolayer Si NW-SOFs and bilayer Si NW-SOFs are presented in Figure 2a,b, respectively. The following inset shows an image of the bottom Si
NW-SOF with a period of 600 nm and a diameter of 100 nm. d) Plot of resonant wavelength versus refractive indices of nanowires with ﬁve different
diameters. e) Simulated spectra of bilayer NW-SOFs composed of different semiconductor materials: GaAs and SiGe. f ) Measured spectra of trilayer Si
NW-SOFs for the triple-band stop ﬁlter.
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of the obtained Si nanowire arrays with different diameters and
periods are shown in Figure S9 and S10, Supporting
Information.
Figure 2b demonstrates the dual-band characteristics of
the integrated Si NW-SOFs with a ﬁxed bottom layer (i.e.,
D1 ¼ 100 nm, Λ1 ¼ 600 nm, and H1 ¼ 2 μm) and a top layer with
diameters from 80 to 170 nm and a 10-nm step (i.e.,
Λ2 ¼ 1250 nm and H2 ¼ 2). Negligible crosstalk between the
top and bottom layers allows outstanding and facile transmitted
band tuning. Figure 2c displays the color variation of single-band
Si NW-SOFs versus the diameters, and dual-band Si NW-SOFs
are presented in Figure 2a,b. Due to the pass bandwidth between
two rejection bands, large color changes occur, such as from
magenta to red and from blue to green at the diameters of 80
and 100 nm, respectively. At the diameter of 80 nm, the top layer
rejects the wavelength of 550 nm; hence, the reﬂectance over a
wavelength of 600 nm is high. For green, the transmittance
between 500 and 620 nm is high, and this transmittance peak
generates the color green. Above the diameter of 130 nm, the bottom-layer Si NW-SOFs have resonant wavelengths in the NIR

range. Thus, the bottom layer does not contribute to color
mixing.
To evaluate the refractive index of nanowires, transmittance
simulations are performed for the resonant wavelengths versus
refractive indices for ﬁve different diameters such as 80, 90, 100,
110, and 120 nm (Figure 2d). As demonstrated earlier, the resonant wavelength becomes longer in proportion to the diameter,
whereas the lower the refractive index, the shorter the resonant
wavelength. These results suggest that other semiconductor
materials could be applied to multiband optical ﬁlters instead
of Si. To optically investigate NW-SOFs composed of other semiconductors, NW-SOFs of GaAs and SiGe are simulated as the
representative examples of other semiconductors (Figure 2e).
SiGe has a higher refractive index than GaAs (Figure S11,
Supporting Information); thus, the resonant wavelengths of
SiGe are longer than those of GaAs. These results demonstrate
the universality of nanowire-based multiband optical ﬁlters,
although the resonant wavelengths can be slightly different
depending on the refractive indices. Figure 2f demonstrates
the triple-band optical ﬁlters produced by integrating three

Figure 3. a) Schematic of the measurement setup for multiband ﬁltering of Si NW-SOFs. b) Captured photographs of red, green, and blue light with
different Si NW-SOFs without a ﬁlter, single-band ﬁlter (blue rejection), dual-band ﬁlter (blue and red rejection), and dual-band ﬁlter 2 (red and blue
rejection). The dual-band ﬁlter 2 is composed of three layers: one red and two blue stop Si NW-SOFs. c) Cross-sectional intensity plots for each image in
Figure 3d. d) Schematic for imaging a ﬂuorescent biosample using Si NW-SOFs. e) Captured image on ﬂuorescence tissue imaging using Si NW-SOFs to
reject blue excitation light. f ) Captured image of a biosample without Si NW SOFs. The area with the ﬁlter shows clear tissues, whereas the area without
the ﬁlter displays strong blue light.
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different Si NW-SOFs. The ﬁrst and second layers are ﬁxed
as follows: D1 ¼ 100 nm, Λ1 ¼ 600 nm, and H1 ¼ 2 μm and
D2 ¼ 100 nm, Λ2 ¼ 900 nm, and H2 ¼ 2 μm. Based on the diameter variation in the third layer, a shift in the resonant wavelength
is observed in the NIR range. Furthermore, optical crosstalks
between each band are not observed.
In addition to the spectral analyses, the imaging demonstration of Si NW-SOFs should be conducted to evaluate their applicability as multiband ﬁlters. To demonstrate the performance of
dual-band stop ﬁltering, imaging experiments were performed
using monochromatic light sources with center wavelengths
of 490, 530, and 590 nm, which emit blue, green, and red colors,
respectively (Figure 3a). The detailed setup information is presented in Supporting Information. The Si NW-SOFs are laminated on the cover glass of the complementary metal oxide
semiconductor (CMOS) imaging sensor (inset; Figure 3a).
Figure 3b,c illustrates the dual-band stop property of stacked
Si NW-SOFs. The integrated Si NW-SOFs consist of 490 and
610 nm rejection ﬁlters. Without a ﬁlter, three monochromatic
light sources are clearly captured by the CMOS image sensor,
whereas a considerably weak blue light is obtained after attaching
Si NW-SOFs with a 490-nm rejection ﬁlter. In this image, bright
green and red light are still maintained. In the case of dual-band
ﬁlter 1, both blue and red light are weakly captured, whereas the
green light shines brightly. In addition to this double-layer stacking, triple-layer stacking is enabled to reinforce the ﬁltering property at a speciﬁc wavelength. Two Si NW-SOFs’ ﬁltering at a
wavelength of 490 nm and one Si NW-SOF’s ﬁltering at a wavelength of 610 nm constitute the dual-band ﬁlter 2, as shown in
Figure 3b. In the image of the dual-band ﬁlter 2, blue light is
perfectly eliminated, whereas the green and red light are similar
to those observed in the case of dual-band ﬁlter 1. These results
prove the dual-band ﬁlter feature by stacking Si NW-SOFs with
different resonant wavelengths.
Using the abovementioned feature of Si NW-SOFs, ﬂuorescence tissue imaging is demonstrated with a customized microscope setup (Figure 3d). Bovine pulmonary artery endothelial
(BPAE) cells with ﬂuorescent substances are used as biological
tissues. The detailed information on the tissue and imaging
setup is presented in the Supporting Information. A blue wavelength laser excites red and green ﬂuorescence in the tissues.
However, this excitation laser light is undesirable in ﬂuorescent
imaging. Figure 3e depicts the bilayer Si NW-SOFs with two Si
NW-SOFs with blue wavelength rejection. The integrated Si
NW-SOFs block the excitation laser light, and thus biological tissues are observed. However, there are no ﬁlters to screen the
excitation laser light; hence, a clear image of the tissues is not
obtained (Figure 3f ).
In conclusion, we presented a facile approach to produce soft/
tunable multiple band optical ﬁlters by stacking Si NW-SOFs
with different resonant wavelengths. Using the top-down process, we fabricated various Si nanowire array sets with different
diameters (i.e., 80–170 nm in 10-nm steps) and periods (i.e., 600,
900, and 1250 nm). In addition to fabrication, we computationally examined the ﬁltering feature of Si NW-SOFs based on 3D
wave analysis. By integrating different Si NW-SOFs, we also
spectrally demonstrated multiband ﬁlter ranging from the visible
to NIR regions. To verify the applicability of Si NW-SOFs, we
established customized measurement setups for monochromatic
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light imaging and ﬂuorescence biological tissue imaging. In the
measurements, we successfully proved the practical multiband
stop feature of Si NW-SOFs for different ﬁlter combinations.
In addition, the universality and expandability of the proposed
concept were revealed by the computational study. Therefore,
we believe that the proposed Si NW-SOFs can offer a new means
for developing small-form and simple multifunctional imaging
devices for smart sensing.

Experimental Section
The experimental details, including simulations, fabrication, characterization, measurement setup, and samples, are provided in the Supporting
Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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