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Abstract: We present an improved color purity of additive transmissive structural color filters
by controlling a resonance order and by inserting a highly absorbing material. The proposed
structure consists of a single metal sandwiched by two transparent dielectric media serving
as a cavity to minimize the ohmic loss in the metal mirrors, which is distinctly different from
a conventional Fabry-Perot (FP) cavity that is in general designed to have two metal mirrors.
Low reflections at an air-dielectric interface cause a quality-factor of a resonance to be reduced,
causing a degraded color purity, which can be improved by employing a 1st order resonance that
exhibits a narrower bandwidth than a fundamental FP resonant mode (0th order). For a red color
with the improved purity, introducing an ultrathin absorbing layer in the middle of a top cavity
enables the 1st resonance to be trivially influenced while selectively suppressing a 2nd order
resonance appearing at the shorter wavelength region. Moreover, angle-insensitive performances
up to 60° are attained by utilizing a cavity material with high index of refraction. Besides, the
fabrication of the structural coloring devices involves a few deposition steps, thus rendering the
approach suitable for applications over the large area. The described concept could be applied to
diverse applications, such as colored solar panels, sensors, imaging devices, and decorations.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Structural colors based on thin-film multilayers, photonic crystals, photonic nanostructures,
plasmonic metallic nanocavities, metamaterials, and metasurfaces have generated considerable
interest for their potential in achieving improved efficiency, high purity, easy scalability, longstand-
ing stability, and compactness as compared to conventional coloring methods that rely on dyes and
pigments [1–24]. Much attention has also been devoted to applying the structural coloring scheme
to solar cells to create vivid-colored solar panels [25–30]. Although there have been an increasing
number of efforts to create vivid colors in either transmission or reflection from the structures,
most of the periodic or aperiodic nanostructures patterned with subwavelength-scale gratings
exhibit incident-angle-sensitive properties arising from the momentum matching condition,
which needs to be resolved for practical applications [10,12,31–33]. In addition, ohmic losses in
a metal cause the efficiency of the transmissive structural colors to be noticeably affected so the
structural colors based on surface plasmon polaritons (SPPs) propagating at the metal-dielectric
interface and resonances in Fabry-Perot (FP) cavities with two metallic mirrors present the low
efficiency still to be addressed.
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Optical cavities have played central roles in a variety of applications, such as bio/chemical
sensors, filters, lasers, and optoelectronic devices. Conventional FP cavities generally consist of
an optically transparent cavity medium that is separated by two reflecting mirror surfaces, where
both a transparency of the cavity and a reflectivity of the mirrors are important to have high
quality factor (Q-factor) resulting in a sharp resonance, which is a highly desired property in a
number of applications. Highly absorbing media have also been employed as the cavity layer
where a non-trivial reflection phase shift at the interface between the absorbing layer and the
metal is exploited, thus significantly reducing the thickness of the cavity, despite the resonance
with the low Q-factor [7,25,34–40]. Most of the FP cavity designs in previous works have the
two metal mirrors that cause light to experience ohmic losses in every round trip in the cavity.
Such losses cannot be negligible at a resonant wavelength since light travels multiple times back
and forth in the cavity. To minimize the loss occurring in the metal, the simplest design would be
to use a single metal mirror yielding a bilayer structure consisting of the cavity medium on the
metal. However, the reflection occurring at an interface between air and the cavity is pretty low
due to the low refractive index contrast yielding a broad resonance with the low Q-factor, which
is not desired for numerous applications. Hence, there is a strong need to develop a cavity design
that provides the low ohmic losses in the metal of the FP cavity with a sharp resonance.

In this work, we demonstrate transmissive structural color filters consisting of a single thin
metallic mirror between two dielectric media that function as the FP cavity. In dielectric-metal-
dielectric filters for blue and green colors, low Q-factor resulting from the low reflection at the
interface between air and the cavity is counterbalanced by employing a 1st order resonance
whose spectral response is a relatively narrow compared to a fundamental resonance in each FP
cavity. Since a 2nd order resonance appears at the short wavelength regime when creating a
red color, an ultrathin lossy layer is inserted in the middle of a top FP cavity, which allows the
2nd order resonance to be highly suppressed whereas the 1st order resonance remains with a
minor absorption, thus making the resulting color from a magenta to the red. Additionally, the
optical response of the structural color filters remains nearly constant in wavelength over a broad
range of incidence angles up to 60°, which is attributed to the reduced angle of refraction into
the cavity medium with high refractive index. The approach presented in this work could create
opportunities for use in various applications, such as image sensors, decorations, and colored
see-through solar cells.

2. Results and discussion

Figure 1(a) displays a schematic view of the proposed transmissive structural color filters
consisting of two transparent dielectric layers that are separated by a thin metallic mirror. We
intend to use a single metal mirror in the proposed structural color filters to mitigate the ohmic
losses in the two metal mirrors. A low reflection at the air-dielectric interface leads to a cavity
with a low Q-factor yielding a broad spectral profile and hence a poor color purity. Since the
1st order resonance appearing in the shorter wavelength region has a narrow bandwidth as
compared to the 0th order resonance (i.e., fundamental mode), the 1st order resonance is exploited
to improve a sharpness of a resonant behavior (i.e., high Q-factor) and thus the color purity.
Moreover, a dual-cavity configuration comprising cavity #1 – metal – cavity #2, where the 1st
order resonant mode is used in each cavity, is adopted to boost the transmission efficiency. Silver
(Ag) that presents the highest reflectivity with a trivial absorption at visible wavelengths, titanium
dioxide (TiO2) that has a high index of refraction without the absorption in the visible range, and
germanium (Ge) that has a large absorption resulting from a high imaginary part of permittivity
at visible frequencies are selected for the mirror, cavity medium, and highly absorbing layer,
respectively. The resonance leading to a peak in transmission at a wavelength of λm occurs when
a net phase shift ϕprop − (ϕr1 + ϕr2) involving reflection phase changes ϕr1 and ϕr2 at the top and
bottom interfaces in each cavity, and a round-trip propagation phase change ϕprop(= 4πnL/λm),
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where n and L denote the refractive index and the thickness of the cavity, respectively, is equal to
2mπ (m: integer).

Fig. 1. (a) Schematic diagrams of transmissive structural color filters that exploit a higher-
order resonance in dual-cavities consisting of dielectric-metal-dielectric for the blue and
green colors. The structure creating the red color involves an ultrathin lossy layer in the
middle of the cavity. (b) Net phase shift in the dual cavities for the RGB colors calculated
from the proposed structural color filters. (c) Real and (d) imaginary parts of refractive
indices of TiO2, Ag, and Ge, measured by using a spectroscopic ellipsometer (VASE, J. A.
Woollam).

Required thicknesses of the cavity for red (R), green (G), and blue (B) colors when employing
the 1st order resonance (m= 1) can be found by calculating the net phase shift as shown in
Fig. 1(b) depicting that the resonance order in the cavities #1 and #2 corresponds to m= 1 for
the B and G colors where black horizontal solid and dashed lines represent the conditions for
constructive and destructive interference, respectively. The y-axis label (i.e., net phase shift/2π)
in Fig. 1(b) denotes the order of the resonant mode (i.e., m). We note that a top cavity for the
R color is divided into two effective cavities with the ultrathin absorbing Ge layer for color
generation with the improved purity so the resonance orders in the cavities #1 (red solid line)
and #2 (red dashed line) are found to be m= 0 while still the resonance order of the cavity #3
(red dotted line) is m= 1. The thicknesses of the constituent layers for the RGB color filters are
summarized in Table 1.

Such cavity thicknesses can also be found by designing an induced transmission filter of a
dielectric – metal – dielectric configuration in order to obtain the highest transmittance for a
given metal thickness, where a potential transmittance ψT =

T
1−R of a metal layer is determined

by calculating an optimum exit admittance Yexit, opt = X + iZ of the 25 nm-thick Ag layer at
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Table 1. Thicknesses of each layer of the proposed structural color filters

Color Blue Green Red

TiO2 125 nm 158 nm
TiO2 65 nm

Ge 10 nm

TiO2 127 nm

Ag 25 nm 25 nm Ag 25 nm

TiO2 125 nm 158 nm TiO2 203 nm

a target wavelength [41]. Then the thickness of a dielectric matching layer functioning as an

antireflection and a narrower-bandwidth coating is found to be df =
λ

2nf
+ λ

4πnf
tan−1

(︃
2Znf

n2
f −X2−Z2

)︃
,

where df and nf represent the thickness and the refractive index of the dielectric matching layer,
respectively. The induced transmission filters have been applied for highly angle-tolerant filters
in the visible spectrum [42,43]. Creating a pure red color requires the 2nd order resonance
occurring at 420 nm to be greatly suppressed while preserving the 1st order resonance at 650 nm
responsible for the red color generation. This can be achieved by placing an ultrathin absorbing
layer in the middle of the cavity to selectively suppress the 2nd order resonance, which will be
discussed in more detail later [44–46]. As shown in Figs. 1(c) and (d),wavelength-dependent
refractive index (n) and extinction coefficient (k) spectra of TiO2, Ag, and Ge were measured by
using a spectroscopic ellipsometer (VASE, J. A. Woollam), and these values were used in the
simulations.

Figure 2(a) reveal the measured and calculated transmittances of the structural color filters
at normal incidence, showing that the measured profiles exhibit excellent agreement with the
calculated spectra with the difference being that the measured profiles are relatively broad with a
lower efficiency. This may be attributed to fabrication defects, non-smooth surfaces, and errors in
refractive indices and thicknesses of each layer. When depositing TiO2 by the e-beam evaporation
or the reactive sputtering, an inflow of oxygen is required during the deposition to achieve
stoichiometry. The refractive index and the absorption of TiO2 highly depend on the degree
of the oxidation. To achieve the low absorption loss, it is necessary to flow sufficient oxygen
during the deposition, which can easily oxidize the thin Ag film by the reactive oxygen gases
when depositing TiO2 on top of the thin Ag film. Although a very thin metal including Ti can
function as a good protection layer between the TiO2 layer and the thin Ag film, the absorption of
the metal is significant at visible frequencies, which is not desired for the transmissive structural
color applications [47]. From our experience, silicon dioxide (SiO2) with the thickness of 15 nm
is found to be a good protection layer between the TiO2 layer and the thin Ag film, because
SiO2 is highly transparent at the visible frequencies and can be deposited without the oxygen
gases. Note that a 15 nm-thick SiO2 film was pre-deposited on top of a thin Ag film before
depositing TiO2 as a buffer layer to protect the thin Ag layer. We also note that the thickness of
TiO2 needs to be reduced by about 10 nm with the addition of the 15 nm-thick SiO2 buffer layer.
As can be seen from the figures, the measured transmittances present the 1st FP resonance at
651 nm, 527 nm, and 444 nm with the peak transmittance of 49.18%, 64.63%, and 71.69% for
the RGB colors, and the simulated transmission spectra show the resonance at 650 nm, 530 nm,
and 450 nm with the peak transmittance of 52.13%, 64.32%, and 74.33% for the RGB colors,
respectively. Note that the wavelengths of the 0th, 1st, and 2nd order FP resonances exist at
1275 nm, 450 nm, and 330 nm for the B, 1540 nm, 540 nm, and 359 nm for the G, and 1902nm,
650 nm, and 427 nm for the R, respectively. Figure 2(b) displays optical images of the fabricated
RGB color devices with a size of 2.54 cm × 2.54 cm, showing that a background building can be
clearly seen through the RGB samples. It is important to note that the only thin-film deposition
without complicated lithographic techniques is required for the device fabrication, which can
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be easily expanded on a flexible substrate. In Fig. 2(c), color spaces (x, y) calculated from both
measured and simulated transmission spectra described on the CIE 1931 chromaticity diagram to
evaluate the purity of the transmissive colors are depicted. The color coordinates (0.399, 0.318),
(0.302, 0.442), and (0.206, 0.179) are attained from the experiments (black circles) while (0.452,
0.332), (0.298, 0.448), and (0.194, 0.181) are obtained from the simulations (blue circles) for the
RGB colors, respectively. A relatively narrow color gamut is obtained from the experiments,
which is ascribed to a relatively broad resonance behavior in the transmission of the fabricated
structural color filters as compared to the simulation. The simulated transmission spectra and
the color coordinates plotted on the chromaticity diagram are obtained by using a commercial
thin-film design software (Essential Macleod), where the measured refractive indices were used.
The simulations based on transfer matrix method were performed, where Maxwell’s equations
and continuity conditions across boundaries between two layers with varied index of refraction
are employed to describe electromagnetic waves propagating through a stratified medium. If
the electric field of the incident medium is known, the electric field in the last medium can be
derived via a simple matrix multiplication. More detailed information regarding the transfer
matrix method can be found in the other papers [48,49]. The structural color filters are fabricated
by employing the e-beam evaporation on a glass substrate, and the optical properties of the
fabricated devices are measured by utilizing a spectrophotometer (Cary 500, Varian).

Fig. 2. (a) Measured and simulated spectral curves of transmittance of the proposed
structural color filters at normal incidence. (b) Photographs of the structural color filters
fabricated on a glass substrate. (c) Color spaces calculated from the measured and simulated
transmission spectra, illustrated on the CIE 1931 chromaticity diagram.

We investigate the effect of the order of the FP resonance in the two cavities on the transmission
spectra for the RGB colors as provided in Figs. 3(a)–3(c). It has been found that the spectral
response gets narrow with a great suppression at off-resonant wavelengths as the order of the
resonance increases for all the RGB colors. To evaluate the color purity, Q-factor is calculated
from the spectral curves of transmittance shown in Figs. 3(a)–3(c) by λmax

FWHM , where λmax indicates
the wavelength for the transmission peak and the FWHM represents the full width at half
maximum. For the structures with m= 0 in both top and bottom cavities (cyan colored curves in
the transmittance), 1.53, 1.52, and 1.60 of the Q-factor are found, while 4.35, 5.41, and 4.30 of
the Q-factor are found for the structures with m= 1 in both top and bottom cavities (black colored
curves in the transmittance) for the RGB colors, respectively. This shows that the Q-factor of the
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structures with m= 1 in the dual-cavities is enhanced by about three times as compared to the
structures with m= 0.

Fig. 3. Effect of a resonance order (m= 0 and 1) on the transmission spectra for (a) B, (b)
G, and (c) R colors, and (d) the corresponding color spaces on the CIE 1931 chromaticity
diagram.

Having the 1st resonance in the two cavities leads to a good filtering capability and thus
good color purity as described in Fig. 3(d). It is apparent that the color spaces move toward
the exterior of the CIE chromaticity diagram when having the 1st order resonance in the two
cavities as compared to the other cases. Note that the further increasing the resonance order in
the dual-cavities is found to degrade the color purity because a spacing in wavelength between
two successive resonances gets small causing more spectral peaks to appear in the visible region,
which are provided in Figs. 4.

Next, the dependence of the Ag thickness on the spectral characteristics is explored. Fig-
ures 5(a)–5(c) provide calculated 2D contour plots of the transmittance as a function of the
Ag thickness and the wavelength for the RGB colors. With increasing the thickness of the Ag
layer, the narrow bandwidth combined with a great elimination of non-resonant wavelength
components, which is responsible for the greatly improved color purity, can be achieved with the
reduced transmission efficiency that is attributed to the high reflection from the metal mirrors.
Figure 5(d) displays that the calculated color spaces of the transmissive structural color filters
shift toward the outer part of the chromaticity diagram with increasing the Ag thickness.

In Figs. 6(a) and 6(b), the electric field distributions in the R colored device without the
ultrathin lossy layer in the middle of the top FP cavity at λ= 420 nm and λ= 650 nm, respectively,
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Fig. 4. Influence of the resonance order (m= 1 and 2) on the spectral curves of transmittance
for (a) B, (b) G, and (c) R color filters, and (d) the corresponding color coordinates described
on the CIE 1931 chromaticity diagram.

are provided. Here, the position (x-axis label) represents the depth into the structure where the
left-hand side indicates the air incident medium and the right-hand side denotes the substrate. To
produce the R color with high purity, it is required to selectively suppress the 2nd order resonance
occurring at λ= 420 nm and the 1st order resonance at λ= 650 nm, which is responsible for the R
color generation, remains without any influence. It can be seen that the field profile in the top
cavity at λ= 650 nm shows the 1st order FP resonance that has a minimum in the middle of the
cavity, while the field profile at λ= 420 nm is the 2nd order FP resonance that has a maximum
in the middle of the cavity. This suggests that inserting the highly absorbing material with the
ultrathin thickness in the middle of the top cavity results in the great selective suppression of the
2nd order resonance while maintaining the 1st order resonance indicating that the transmission
efficiency and the bandwidth of the R color is trivially affected. Ge is chosen as the highly
absorbing material as its both real and imaginary parts of refractive index are pretty large at
visible frequencies. By placing the 10 nm-thick Ge layer at the center of the top cavity, the
significant suppression of the 2nd order resonance at λ= 420 nm is obtained but the 1st order
resonance at λ= 650 nm is little impacted as can be observed in Figs. 6(c) and 6(d).

The great suppression of the 2nd order resonance at λ= 420 nm can also be observed in
measured and simulated transmission spectra with (red) and without (black) Ge at normal
incidence as revealed in Figs. 7(a) and (b). After inserting the ultrathin highly absorbing layer in
the top cavity, the effective index of refraction increases so the overall thickness of TiO2 slightly
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Fig. 5. 2D contour plots of transmittance as a function of the Ag thickness and the
wavelength for (a) R, (b) G, (c) B colors, and (d) the corresponding color spaces on the
chromaticity diagram.

Fig. 6. Normalized electric field intensity distributions of the proposed structural color
filters without the ultrathin lossy medium at (a) λ= 420 nm and (b) λ= 650 nm, and with the
ultrathin absorbing medium at (c) λ= 420 nm and (d) λ= 650 nm.
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decreases from 203 nm to 192 nm. The resonance appearing at λ= 420 nm shown in Figs. 7(a)
and 7(b) corresponds to m= 2, so the intensity of the electric field for m= 2 at the boundary is
higher than that for m= 1 occurring at λ= 650 nm. Since the higher resonance order mode is
more sensitive with respect to a surface roughness and defects at the boundary, more scattering
loss can occur. Errors in refractive indices of TiO2 and Ag when fitting the measured ellipsometry
results with a model can also contribute to the discrepancy. A relatively big discrepancy between
the measured and the simulated transmittance at λ= 420 nm as compared with the discrepancy at
λ= 650 nm may be due to the aforementioned contributions.

Fig. 7. (a) Measured and (b) simulated transmittances without (black) and with (red) Ge
exhibiting that the 2nd order resonance at λ= 420 nm can be greatly suppressed, while
maintaining the 1st order resonance at λ= 650 nm. (c) Color spaces illustrated on the CIE
1931 chromaticity diagram of the red color device without and with Ge.

Figure 7(c) provides the corresponding color coordinates calculated from both the measured
and simulated spectral curves of the transmittance are illustrated on the CIE 1931 chromaticity
diagram where the color spaces for the R color device without and with the ultrathin Ge layer
in the middle of the top cavity are (0.366, 0.284) and (0.399, 0.318) for the measurements and
(0.340, 0.235) and (0.193, 0.171) for the simulations, respectively. This obviously shows the
purity of the R color can be improved by introducing the 10 nm-thick Ge layer.

A further suppression of the 2nd order resonance can be accomplished simply by increasing
the thickness of the lossy layer although the transmission efficiency at the 1st order resonance
for the color generation gets diminished, which is given in Fig. 8. Since the proposed structural
color filter is symmetric, inserting the ultrathin lossy layer at the center of the bottom cavity
also gives rise to the great suppression as shown in Figs. 8(b) and 8(e). Note that putting the
ultrathin highly absorbing medium in the middle of both top and bottom cavities allows the 2nd
order resonance to be nearly eliminated leading to the greatly improved color purity but with
sacrificing the transmission efficiency as provided in Figs. 8(c) and 8(f).

We also note that Ge at the center of the top cavity can be replaced by any lossy metals
including titanium (Ti), nickel (Ni), chromium (Cr), and tungsten (W), which is provided in
Fig. 9. As can be seen from the figure, the 2nd order resonance at the shorter wavelength region
can be markedly suppressed with Ge as compared to the other lossy materials. The degree of
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Fig. 8. Simulated transmittances and the corresponding chromaticity diagrams when the
light-absorbing layer with the different thickness is inserted in the middle of (a) and (d) the
top cavity, (b) and (e) the bottom cavity, and (c) and (f) both top and bottom cavities.

the suppression of the transmittance is dependent on n and k values of the absorbing material
and the intensity of the electric field, because the absorption of the material is proportional to
the imaginary part of permittivity (ε ′′), which is 2nk, of the material (Pabs =

1
2ωε

′′ |E|2). At
λ= 650 nm for the red color, the absorbing material is inserted at the position where the electric
field is almost zero, so the absorption at λ= 650 nm is nearly negligible regardless of the type
of the absorbing material. However, the electric field intensity is high at λ= 420 nm, so the
absorption is highly dependent upon n and k values of the absorbing material. (n, k) at λ= 420 nm
for Ti, Ni, Cr, W, and Ge are (1.61, 2.19), (1.61, 2.48), (2.12, 2.97), (2.99, 2.26), and (4.28, 2.49),
respectively. As can be seen from the above n and k values, the product of n and k is the least for
Ti and the most for Ge. Thus, the absorption at λ= 420 nm is the least (most) when using Ti (Ge)
for the absorbing medium.

Lastly, we examine how incident angles and polarizations can affect the optical properties
of the structural color filters. High refractive index of TiO2 (2.14 at 550 nm) as the cavity
material allows the angle of the refraction into the cavity at oblique angles of incidence to be
trivial, thus mitigating the variation in a total phase shift determining the resonant wavelength.
Figures 10(a)–10(c) and 10(d) –10(f) depict 2D contour plots of the transmittance as a function of
the incident angle and wavelength obtained from the experiments and the simulations, respectively,
exhibiting that the measured angle-resolved transmission spectra show good agreement with the
simulated spectra. As is seen from the figures, the resonance of the RGB colors remains almost
constant for a wide range of incident angles up to 60° under the unpolarized light illumination.
It is apparent that a trivial shift of the resonant wavelength and the bandwidth with a minor
efficiency drop as increasing the incident angles are observed for all the RGB structural colors.
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Fig. 9. (a) Simulated transmittance and (b) the corresponding chromaticity diagram of the
R color device with various absorbing materials.

Fig. 10. (a) – (c) Measured and (d) – (f) simulated angle-resolved transmission spectra of
the proposed structural color filters under the unpolarized light illumination.
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3. Conclusion

In summary, we have demonstrated the improved color purity of the transmissive structural color
filters by manipulating the resonance order in the cavity with the low Q-factor and introducing
the highly absorbing material. The broad FP resonance resulting from the low reflection at the
air-dielectric interface is compensated by employing the 1st order resonance that shows much
narrow spectral characteristics as compared to the fundamental resonance, where the resonant
behavior is further enhanced by overlapping the two FP cavities. The 2nd order resonance at the
short wavelength region for the R color generation is selectively removed by putting the highly
lossy material with the ultrathin thickness in the middle of the top FP cavity, which presents an
insignificant effect on the 1st order resonance at the longer wavelength. Furthermore, the high
angular tolerant property attributed to the cavity layer with high index of refraction is achieved
up to 60° and the large-area samples are readily obtained since the only deposition method
is necessary for the device fabrication. The strategy described here could offer an attractive
route towards a variety of applications, including decorations, colored solar windows, colorful
light-emitting diodes, displays and sensors.
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