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ABSTRACT 

Color is a fundamental element of human perception, impacting emotional and behavioural responses, and color space serves 
as an essential metric in advanced optical imaging and display technologies. Here, we propose and experimentally demonstrate a 
multi-dielectric metasurface architecture that enables bright, ultra-saturated, superior color generation with unprecedentedly high 
reflectivity up to 93%. The proposed metastructure consists of multi-layered truncated cones of gallium phosphide (GaP) sputtered 
between a pair of titanium dioxide (TiO2 ) layers carefully constructed to induce both magnetic dipole (MD) and magnetic toroidal 
dipole (MTD) modes. The engineered design achieves a record experimental CIE 1931 color gamut of 222.1% in sRGB, 164.5% in 
Adobe RGB, and 117.4% in Rec. 2020. The pronounced dependence of the fabricated metastructures on their dielectric environment 
allows for exceptional color tunability across the visible spectrum via their thin film coating with consistently high reflectivity. 
Finally, as proof-of-concept demonstrations, we show reconfigurable, high-performance filters and reflectors employing the same 
design framework by precisely tailoring the geometry of the metasurface. The proposed architecture paves a promising route 
toward next-generation unexceptionally bright digital displays, printing technologies, and advanced photonic applications. 

1 Introduction 

Light absorption-based dyes and pigments are the conventional 
generators of color; however, they suffer from chemical insta- 
bility at elevated temperatures and exhibit a typically wide-band 
reflection spectrum, thus allowing only for a narrow color gamut 
[ 1 ]. Although the atomic-scale quantum emitters generate pure 
and vivid colors, their controlled manufacturing and contin- 
uous reliance on external power remain as major barriers to 
their widespread applications [ 2, 3 ]. With the advancement of 
nanofabrication, there has been growing interest in structural 

color generation by exploiting subwavelength-scale nanodisks 
[ 4–6 ], nanogaps [ 7, 8 ], nanoparticles [ 9, 10 ], and gratings [ 11, 
12 ]. Continued advancement expanded applications of these 
structures to digital display and imaging [ 13 ], color printing [ 14 ], 
information storage [ 15, 16 ], security [ 17 ], sensing [ 18 ], and colored 
photovoltaics [ 19 ]. 

Plasmonic metal nanostructures can produce a wide range of 
colors with a high resolution; however, due to their inherent 
Ohmic losses, their resulting colors are not bright [ 20, 21 ]. 
Similarly, the high extinction coefficient at shorter wavelengths 
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hinders the most widely used electronic/optoelectronic material, 
silicon, from generating the vivid blue and violet hue [ 22, 23 ]. 
Even though the transparent dielectric materials such as TiO2 , 
Si3 N4 , and their combinations can overcome this limitation, their 
low refractive index prevents them from achieving a wide color 
gamut [ 24–28 ]. Although notable progress has been reported in 
structural color generation, a substantial gap remains in achiev- 
ing commercial-level colors for advanced display applications [ 13, 
15 ]. To date, no study has reported experimental demonstration 
of 100% Rec. 2020 of CIE 1931 chromaticity diagram coverage, 
the ultimate target for next-generation displays. Furthermore, 
the reflectivity reported in previous studies has not been radiant 
enough compared to other color-generation technologies [ 19, 20, 
22, 25 ]. In addition, limited progress has been made in spectral 
tunability, where intensity and saturation often degrade, and 
tunability is restricted to an invariant structural framework [ 29–
31 ]. Also, the splitting of resonances limits the conversion of a 
narrow-band color filter into a wide-band filter and reflector [ 24, 
30 ]. Highly selective, efficient, polarization-independent, broad 
spectral linewidth filters and reflectors are essential for optical 
instrumentation [ 32 ], optical cavity construction [ 33 ], optical 
microscopy [ 34 ], spectroscopy [ 35 ], and astronomy [ 36 ]. Multi- 
layer thin films make highly reflective Bragg reflectors bulky 
and complex [ 37, 38 ], and the metal-based reflectors suffer from 

significant Ohmic loss [ 39, 40 ]. Therefore, to date, a pressing 
demand continues for a simple, widely reconfigurable, efficient 
optical filter and reflector in the visible spectrum. 

In this work, we conceptually propose and experimentally 
demonstrate a class of multi-layer dielectric metasurfaces made of 
truncated cones (TCs), achieving 70% to 93% reflection efficiency 
(average 83%) across the visible spectrum. These engineered TC- 
shaped layers of gallium phosphide (GaP) and titanium dioxide 
(TiO2 ) deliver ultra-pure colors experimentally with full-width- 
at-half-maximum (FWHM) reflection of 21.78 nm on average by 
suppressing unwanted resonances. Notably, the measured CIE 

1931 color gamut areas expand to 222.1% of sRGB, 164.5% of 
Adobe RGB, and 117.4% of Rec. 2020 – representing the highest 
experimentally reported values of color space to date, to the best 
of our knowledge. Additionally, using the dielectric environment, 
such as PMMA, polystyrene, and PVK coatings, enables vivid 
color tuning, where PVK achieves the highest average wavelength 
tuning of 90 nm with an average reflectivity of 90%. To gain 
deeper insight into the bright colors along with large color space 
achieved by the proposed TC-shaped dielectric multi-layers, 
we further identified the underlying resonance mechanism for 
all observed outcomes by analysing the electric and magnetic 
field distributions as well as the multipolar decomposition. In 
addition, we account for the secondary colors of pink and 
magenta for the first time from a dielectric metasurface by 
employing a linearly polarized source. Finally, we show a highly 
selective, polarization-invariant tunable filter and broadband 
reflector by tailoring the diameter and constituent layers of the 
meta-atom using our metasurface architecture with a measured 
maximum top-flat linewidth of 70 nm. We present microscopic 
printed color images of the proposed design as a proof-of-concept 
demonstration. 

We employ a hybrid meta-atom composed of TiO2 and GaP tri- 
layer to maximize reflection efficiency and structural stability 
while minimizing the absorption loss. Even though GaP is a 

promising material in nanophotonics, offering a higher refractive 
index and relatively lower absorption loss in the visible window, 
it is still unexplored for structural color generation. The well- 
developed GaP metastructure fabrication procedure has enabled 
the production of a wide range of shapes and structures [ 41–43 ]. 
The molecular beam epitaxy (MBE) and metal-organic chemical 
vapor deposition (MOCVD) are typically used to deposit single- 
crystal GaP f ilm [ 44, 45 ]; however, expensive installation and 
selective substrate limit their widespread use. In comparison, 
RF sputtering is a simple, cost-effective method to deposit 
amorphous GaP film suitable for photonic applications [ 46, 47 ]. 
An all-GaP metasurface with a reasonable scattering volume 
might not achieve high reflection efficiency due to its extinction 
coefficient at shorter wavelengths; similar limitations are seen 
in silicon-based metasurfaces. Thereupon, we sandwich a thin 
GaP layer between two layers of transparent dielectric material 
of TiO2 to ensure a high scattering volume while minimizing the 
absorption loss. 

A multi-layer design with a gradient refractive index is chosen 
to suppress the Fabry-Pérot cavity mode resonances between the 
top and bottom surfaces [ 27 ]. Instead of a conventional cylindrical 
structure, we choose a truncated cone shape (TCS) to eliminate 
the electrical dipole (ED) resonance, where the base diameter is 
120 nm larger than the top. We carefully thinned the GaP layer 
to 90 nm to support the target magnetic dipole (MD) with a 
minimum absorption loss. Figure 1a schematically depicts the 
array of multi-layer metasurface with a magnified view of the unit 
cell, and Figure 1b presents the top-view SEM image. The rational 
placement of GaP in the lower half allows a wider diameter to 
support a magnetic toroidal dipole (MTD) for broadband filtering. 
The top layer of TiO2 is chosen at 140 nm; however, due to 
the TCS, the diameter is not large enough to support a Mie 
resonance. The bottom TiO2 layer is set to a very thin 50 nm to 
eliminate unwanted resonances. Therefore, the overall thickness 
of metasurfaces becomes 280 nm, providing ample scattering 
volume and structural stability to obtain bright and vivid colors. 
The period of the meta-atoms ranges from 296 to 456 nm in 
20 nm steps (9 different periods), with the corresponding base 
diameter variation from 176 to 272 nm in 12 nm increments. 
Thin films of GaP and TiO2 were deposited on a glass substrate 
using RF sputtering, followed by electron beam lithography (EBL) 
patterning and inductively coupled plasma (ICP) dry etching. The 
measured refractive index and top SEM images of nine periods 
are presented in Sections S1 and S2 . The detailed fabrication and 
angle measurement procedure of the meta-atom is provided in the 
Methods section and Section S3 . 

We tuned the base diameter from 144 to 344 nm for a period of 
376 nm to capture the full range of resonant modes. All numerical 
analyses of the resonance modes within the meta-atoms were 
performed using the commercially available finite-difference 
time-domain (FDTD) software Lumerical. Figure 1c shows that 
the Mie resonances are progressively excited with the diameter 
increment, where more modes emerge at larger diameters. We 
select a base diameter of 270 nm from Figure 1c to investigate the 
mode decomposition, where two strong resonant modes appear 
at 605 and 558 nm. Figure 1d,e depicts an example of the field 
analysis using the horizontal and vertical cross-sectional electric 
field (|E|) and magnetic field (|H|) maps, as well as electric field 
vector distribution profiles. Figure 1d confirms that the resonant 
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FIGURE 1 Structural design, image, and mode decomposition of the proposed truncated cone-shaped (TCS) multi-layer metasurface. (a) 
Schematic illustration of the hybrid metasurface array under a normally applied source. The unit cell (inset) shows TCS geometry with TiO2 (H1 140 nm, 
H3 50 nm) and GaP (H2 90 nm) layers; TD and BD are top diameter and base diameter, respectively. (b) Scanning electron microscope (SEM) image of 
the fabricated metasurface array from the period, p 436 nm, with the TD and BD of 140 and 260 nm, respectively. (c) Numerical reflectance intensity 
spectra for the increasing base diameter, BD, versus wavelength, for a fixed period of 376 nm. (d, e) Electric field (|E|) and magnetic field (|H|) maps 
and electric field vector distribution profiles at resonant wavelengths of 605 and 580 nm, representing the magnetic dipole (MD) and magnetic toroidal 
dipole (MTD) resonances for the base diameter of 270 nm. 

mode at a longer wavelength is the well-known MD mode, while 
Figure 1e is characterized as the MTD mode. An MTD mode is 
excited within a high refractive index material disk, where the 
two opposite circular displacement currents form horizontally, 
creating a torus of magnetic field that forms vertically [ 48, 49 ]. 
Here, we chose a base diameter of 224 nm for the period 376 nm 

to generate color, where only one MD exists, enabling all energy 
to be concentrated in this MD mode. 

The reflection performance and color purity were assessed in 
Figure 2a,b with the spectra of nine samples for the periods 
ranging from 296 to 456 nm. A homemade optical setup based 
on the back-focal plane (BFP) imaging was built to investigate 
the experimental results (see Method and Figure S4 ). For the 
period 456 nm, the reflection peak appears at the wavelength of 

670 nm (numerical) and 673 nm (experimental), and the reflection 
efficiency is 96.3% (numerical) and 70% (experimental); also, 
the FWHM is 15.0 nm (numerical) and 23.4 nm (experimental). 
Similarly, for the period 436 nm, the corresponding numerical 
and experimental values are 642 and 645 nm, 99.4% and 73%, 
and FWHM of 17.0 and 23.1 nm, respectively. The numerical 
and experimental reflection peaks make an average 29 nm 

blue shift with each period and base diameter decrement. The 
overall experimental efficiency of our structure ranges from 

70% to 93% (average 83%), with around 90% efficiency in the 
blue-violet region, outperforming all previous structural color 
generation reports. For instance, a silicon cylindrical metasurface 
in DMSO environment has an efficiency range of 15% to 74% 

[ 22 ], while a TiO2 square-shaped metasurface shows a reflection 
efficiency of around 60% in the blue-violet region and an overall 
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FIGURE 2 Reflectance spectra and angular dependence on the applied source exhibiting high-performance reflectivity. (a, b) Numerical and 
experimental reflection spectra from the arrays of multi-layered TCS metasurface where the period ranges from 296 to 456 nm (bottom to top) in steps 
of 20 nm with the base diameter varying from 176 to 272 nm in increments of 12 nm. (c, d) Numerical angle-dependent reflectance for the period 376 nm 

for the s- and p-polarizations of incident light, showing strong angular stability for the s-polarization and rapid degradation for the p-polarization. 

experimental efficiency of less than 70% [ 24 ]. Besides, a multi- 
dielectric SiO2 -TiO2 -Si3 N4 metasurface has a relatively higher 
efficiency (60% to 89%), but still does not exceed 90% [ 27 ]. There is 
a weak resonance due to magnetic quadrupole on the numerical 
reflectance at a shorter wavelength in Figure 2a for the period 376 
to 456 nm, which does not appear in the experimental reflectance 
in Figure 2b , attributed to the significant intensity difference 
between the simulated and experimental results as well as the 
limitations of the experimental setup. Additionally, the average 
numerical and experimental FWHM are 16.93 and 21.78 nm, 
confirming the ultra-saturated colors. 

Figure 2c shows the angular independence for the s-polarization, 
while the p-polarization exhibits (Figure 2d ) strong angular 
dependency for the period of 376 nm, where the base and top 
diameters are 224 and 104 nm. The MD mode is aligned with 
the electric field oscillation direction of the light source, which 
remains unchanged for the s-polarization, causing minimal 
effect on the MD mode. Figure 2c shows that the resonance 
remains narrow and intense up to 20◦; after which, the spectral 
linewidth broadens gradually, adversely affecting color satura- 
tion. In contrast, the abrupt change of electric field oscillation 
for the p-polarization disrupts MD inside the meta-atom after 
a few degrees, causing the sudden disappearance of resonance 
(Figure 2d ). We also compare our truncated cone shape (TCS) 
with the conventional cylindrical shape while keeping the height, 
period, and layer thicknesses the same for both. The numerical 
reflectance analysis in Section S5 demonstrates that the TCS 
effectively eliminates the unwanted ED mode, enhancing the 
intensity and purity of the target MD mode. Besides, the mode 
decomposition and location of ED in the meta-atom are presented 
in Section S6 . To further evaluate the performance, we numer- 

ically compare the reflectance with the all-TiO2 and all-GaP 
metasurfaces in Section S7 , where the height of all metasurfaces 
is fixed at 280 nm. 

Since the photographed color quality is influenced by the camera 
sensors, illumination intensity, and the quality of the objective 
lens, we developed three custom microscope setups with three 
cameras – a Samsung Galaxy A31, a Canon DS126631 digital 
camera, and an Olympus DSX 1000 Opto-digital microscope (see 
Method Section). The photographed colors of violet, blue, cyan, 
green, chartreuse, yellow, orange, red, and Indian red (wine 
red in the Canon camera) for nine periods varying from 296 
to 456 nm (bottom to top rows) are presented in Figure 3a–c . 
The purpose of varying sample areas is to compare the quality 
of structural colors with conventional pigments and dye-based 
printed colors, which are typically in the order of 25 µm. The 
color quality remains consistent for the side length of 50 to 
10 µm for all systems, underpinning the high resolution, while 
the blurred images for the order of 5 µm are attributed to the 
limitation of the imaging system rather than the metasurface 
itself. Previously, several reports have reported color generation 
using a single-pixel plasmonic or 2 × 2 dielectric nanodisks 
metasurface [ 20, 22 ], which has generally been insufficient for 
practical applications due to their weak resonance intensity. We 
placed 42 experimental sample spectra (9 samples in Figure 2b , 
and 33 samples in Figure S9a ) onto the CIE 1931 chromaticity 
diagram encompassing a broad chromaticity space (black stars 
in Figure 3d ) to evaluate the color performance further. The 
rigorous measurement methodology (see Section S11 ) quantifies 
the exceptional area spanning 222.1% of sRGB (Standard Red, 
Green, and Blue), 164.5% of Adobe RGB, and 117.4% of Rec. 
2020. To the best of our knowledge, these three measurements 
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FIGURE 3 Structural color demonstration and chromaticity diagram analysis. (a) Experimental color palettes photographed by smartphone 
camera (Samsung Galaxy A31) through a 10 × objective of microscope lens from square metasurfaces with side lengths of 50, 20, 10, and 5 µm (left 
to right). (b) Corresponding color palettes photographed by a Canon DS126631 digital camera through a 10 × objective from the square metasurfaces of 
side lengths of 50, 20, and 10 µm (left to right). (c) Experimental color palette photographed by an Olympus DSX 1000 Opto-digital microscope from the 
square metasurface of side length 50 µm. (d) Experimental color palette on the CIE 1931 chromaticity diagram for the 42 experimental samples (black 
stars) of metasurface side 50 µm, covering an exceptionally wide color gamut. 

are the largest-ever demonstrated gamut areas and, notably, the 
first-ever reported instance that exceeded 100% of Rec. 2020. In 
comparison, several remarkable reports include a maximum of 
109% of Adobe RGB from the plasmonic material [ 21 ], 97.2% of 
Rec. 2020, and 68% of Rec. 2020 using the dielectric metasurfaces 
[ 22, 27 ], which are the previously reported best in their classes. 

We studied numerical refractive index modulation of the dielec- 
tric environment from 1.0 to 2.0 for a fixed period of 396 nm, as 
demonstrated in Figure 4a . The pronounced resonance maintains 
high reflection intensity with minimal mode splitting or spectral 
distortion up to the refractive index of approximately 1.70. We 
select three transparent polymers with distinct refractive indices: 
polymethyl methacrylate (PMMA, n = 1.49), polystyrene (n = 

1.589), and poly(9-vinyl carbazole) (PVK, n = 1.683) to realize the 
color variation experimentally. The control numerical demon- 
stration of the wavelength shift of 54, 70, and 96 nm based 
on MD mode transition upon coverage of PMMA, polystyrene, 
and PVK, respectively, relative to the air covering is shown in 
Figure 4b . Experimental results are confirmed this trend with 
a high reflectance level of 92% for PMMA and polystyrene and 
94% for PVK, while the reflectance is 87% in air (Figure 4c ). 
The corresponding average numerical wavelength tuning is 51, 
67, and 90 nm, with the respective experimental reflectance 
values are 88%, 88%, and 90% for PMMA, polystyrene, and 
PVK across nine different periods, presented in Section S12 . 
To develop a better understanding of the resonant mechanism 

behind the spectral tuning, we examine the electric field map 
across the halfway cross-sections of the GaP layer in three media 
(Figure 4d ), using the identical geometry of Figure 1d,e . The 
increasingly delocalized field of MD and MTD into the surround- 
ing dielectric medium enables the larger effective mode volume, 
resulting in a resonance red shift. More details of the mode 
decomposition when covered by polystyrene are provided in 
Section S13 . 

Figure 4e depicts the photographs of the adaptive color transition 
across the period ranging from 296 to 416 nm with three dielectric 
coatings. The violet hue in air transits to the denim blue, the rifle 
green, and the lion yellow for the period 296 nm; similarly, the 
blue hue in air shifts to the aquamarine, the celadon, and the 
sunglow yellow for the period 316 nm when covered with PMMA, 
polystyrene, and PVK. All periods exhibit a gradient and vibrant 
color evolution with a robust intensity. Furthermore, chartreuse 
and yellow colors emerge at shorter periods (336 and 356 nm) 
with PVK coverage, compared to their visual appearance at longer 
periods (376 and 396 nm) in the air environment, supporting the 
substantial wavelength tunability. The real-time color tuning is 
also achievable by integrating microfluidic channels containing 
transparent oils and liquids beside the solid polymer coatings. 
Additionally, the pronounced environmental sensitivity indicates 
the capability for sensing applications. The adaptive and rigorous 
color transitions for varying dielectric environments validate the 
design’s structural versatility and fidelity. 
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FIGURE 4 Color tuning using dielectric environment, mode decomposition, and experimental color response. (a) Numerical wavelength 
modulation for a fixed period of 396 nm as a function of the environmental refractive index from 1.0 to 2.0. (b, c) Numerical and experimental reflectance 
for the environment of air (n = 1.0), PMMA (n = 1.49), polystyrene (n = 1.589), and PVK (n = 1.683). (d) Cross-sectional numerical electric field map 
for the different transparent environments affecting the mode volume of MD and MTD by a period of 376 nm through the mid-plane of the GaP layer. 
(e) Experimental photographed color palettes taken by a smartphone camera through a 10 × microscope objective showing the response of the varying 
environments. 

The coupling of MD and MTD manifests as a progressive 
broadening of the spectral linewidth by increasing the diam- 
eter of the TCS unit cell. Figure 5a,d exhibits the monotonic 
increment of spectral linewidth where the top spectral linewidth 
(90% reflection) broadens to 59 nm (numerical) and 34 nm 

(experimental) for the diameter 320 nm with a high reflectivity of 
100% (numerical) and 87% (experimental). Besides this top wide- 
spectral linewidth, both have an incredible selectivity (changes 
of spectral position from 10% to 90% reflection, average of both 
sides) value of 39.7 nm (numerical) and 25 nm (experimental). 
This spectacular experimental selectivity is crucial in optical 
communication to select the smaller transition band, minimizing 
bandwidth loss. The numerical (Figure 5b ) and experimental 
(Figure 5e ) tunability of filters demonstrates high reflectivity, 

while the selectivity decreases gradually in smaller periods. To 
realize the largest spectral linewidth, we numerically increase 
the thickness of the GaP layer as represented in Figure 5c . The 
spectral linewidths broaden gradually following the thickness 
increment without affecting the top-flat linewidth and selec- 
tivity. To realize this experimentally, we fabricated a structure 
of GaP with a thickness of 130 nm, which demonstrates the 
maximum 70 nm top-spectral linewidth along with a reflec- 
tivity level of 90% (Figure 5f ), corresponding to a 53 nm red 
shift, compared to the numerical linewidth of 88 nm and 
100% reflectivity (Figure 5c ). This red shift is likely due to the 
fabrication-induced variations. Additional numerical broadband 
reflection tuning is provided in Section S15 . Importantly, all 
measurements regarding the filters and reflectors confirm the 
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FIGURE 5 Spectral tuning and broadband reflectance for the applications of highly selective filters and wide-spectrum reflectors. (a, d) Numerical 
and experimental reflectance spectra for varying base diameter from 260 to 320 nm and a fixed period of 436 nm, while GaP thickness is 90 nm. (b, 
e) Numerical and experimental reflectance tuning for varying period from 356 to 456 nm featuring a base diameter 60 nm larger than those of the 
corresponding color generation structures. (c) Numerical reflectance spectra for varied GaP thickness from 90 to 170 nm in 20 nm steps, while the base 
and top diameters are 260 and 140 nm with a fixed period of 356 nm. (f) Experimental reflectance for GaP thickness of 130 nm, including top and bottom 

TiO2 layers of 120 and 30 nm, while the period is fixed at 356 nm. 

independence of the polarization state of the applied light 
source. 

Finally, as a proof-of-concept demonstration, we fabricated four 
microscopic “UNAM” patterns with identical printing dimen- 
sions, but distinct periods for each. Figure 6a represents the top 
view of the SEM pattern with the gradual changing of periods 
from the largest to the smallest. Figure 6b demonstrates the 
corresponding printing colors for Figure 6a , where unpolarized 
and linearly polarized light sources illuminate the top and bottom 

rows. The excitation of pink and magenta colors (Figure 6b , 
bottom row) from the period 416 to 456 nm is exceptional 
in the dielectric-based structural color metasurface. As the 
secondary colors, they required the simultaneous excitation 
and effective mixing of red and blue hues. The polarization- 
sensitive excitation of multiple resonant modes arises from the 
period 416 to 456 nm, where the same pattern excites red in 
Figure 6c (top row) and magenta (bottom row) colors depending 
on the influence of source polarization states. A more detailed 
demonstration of the polarization dependency on the source 
light is provided in Section S17 . Figure 6d,e further illustrates 
the influence of the dielectric environment by presenting the 
adaptive and vivid color modulation. Additionally, the transpar- 
ent coating effectively suppresses the reflectance from the fused 
silica wafer, leading to a visually smoother unpatterned area 
(Figure 6d,e ). Further experimental color printings and discus- 
sion on the impact of dielectric environment are provided in 
Section S18 . 

2 Conclusion 

In summary, we have proposed and experimentally demonstrated 
a dielectric metasurface architecture of multi-layered truncated 
cones with outstanding performance of ultra-pure and bright 
color generation. Through strategic design and careful imple- 
mentation, the proposed metastructure effectively suppresses the 
unwanted resonances and achieves the CIE 1931 color chart to 
the highest ever coverage area, to the best of our knowledge, 
which is the largest span ever reported to date. Furthermore, 
excellent color tuning is demonstrated by exploring the sensitivity 
to the dielectric environment of PMMA, polystyrene, and PVK. A 

detailed analysis based on multipole decomposition explains the 
fascinating underlying resonant mechanism, revealing magnetic 
dipole and toroidal modes. Additionally, the tunable spectral 
linewidth establishes the platforms of high-performance optical 
filters and reflectors. Finally, a vibrant printing color display 
with large spectral linewidth tunability represents a compelling 
alternative to conventional technologies for advanced display and 
photonic applications. 

3 Methods 

3.1 Numerical Calculations 

All numerical reflectance spectra and mode decompositions 
were calculated using commercially available software Lumerical 
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FIGURE 6 SEM image, microscopic color printing, and sensitivity to polarization state and dielectric environment. (a) Top-view SEM image of the 
fabricated UNAM (Ulusal Nanoteknoloji Araştırma Merkezi) pattern, where dimensions are 1.0 mm by 0.2 mm with a 40 µm small block. (b) Unpolarized 
bright field illuminated color transition from wine red to violet (top row), and corresponding polarization-sensitive hues (bottom row), photographed 
by ZESIS and Olympus microscope, respectively. (c) Unpolarized bright field illuminated red printing (top row) changes to magenta printing (bottom 

row) under the influence of a linearly polarized source. (d, e) Post-fabrication printed color tuning of blue (d) and chartreuse (e) hues to aquamarine, 
celadon, sunglow yellow (d), and amber, carrot orange, cardinal (e), confirming the sensitivity to PMMA (second row), polystyrene (third row), and PVK 

(last row). 

based on the finite-difference time-domain (FDTD) method. 
The periodic boundary condition was applied horizontally to 
match the periodic structure, while the perfectly matched layer 
(PML) was used vertically to absorb the reflected and transmitted 
light. The plane wave source of the Bloch/periodic wave type 
was employed as a normally applied source. In contrast, the 
Broadband Fixed Angle Source Technique (BFAST) wave type 
is applied for the inclined illumination. The refractive indices 
of PMMA, polystyrene, and PVK was chosen to be 1.49, 1.589, 
and 1.683 for the numerical simulations. Here, we chose SiO2 
(Glass) – Palik material from the software material database as 
the substrate. 

3.2 Fabrication 

Fabrication was performed using a top-down process flow with 
electron beam lithography (EBL) and inductively coupled plasma 
etching (ICP). First, we cleaned the fused silica wafers using 

Hellmanex and DI water solution in the sonicator, followed by 
acetone and isopropanol. A standard Piranha solution (H2 SO4 : 
H2 O2 = 3:1) was used to make wafers ultraclean. After rinsing with 
water and drying using the N2 gas flow, the wafers were placed on 
the hotplate to remove water molecules. Then, the wafers were 
transferred to the chamber of the RF sputter. We deposited TiO2 
and GaP thin films in high-vacuum conditions. After that, the 
electron beam resist (PMMA) was deposited by a spinner and 
baked for 3 min on the hot plate. The deposited materials, fused 
silica wafers, and PMMA are electrically non-conductors that can 
lead to charge accumulation during the EBL process. To avoid 
this, a conducting polymer E-Spacer 300Z (SHOWA DENKO) 
was spin-coated (7 nm) on top of PMMA. Then, the EBL was 
performed to make the cylindrical pattern on PMMA, followed 
by the development with MIBK: IPA (1:3), IPA, and DI water. A 

50 nm thick chromium (Cr) layer was deposited on the patterned 
wafers by the e-beam evaporator (MIDAS e-beam Evaporator). 
Then, the lift-off process was carried out with acetone, removing 
the PMMA and unwanted Cr to obtain the Cr hard mask. After 
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drying the wafers with N2 gas flow, the ICP (STS Multiplex ICP) 
performed dry etching (ICP power 400 W, bias power 350 W, gas 
flow: CHF3 20 sccm, SF6 20 sccm, and O2 4 sccm) to achieve the 
target geometry. The sidewall angle can be adjusted by tuning 
the ICP bias power. Finally, the remaining Cr was removed using 
the chrome etchant. We prepared polystyrene and PVK solutions 
by adding polystyrene powder (Sigma-Aldrich) and PVK powder 
(Aldrich) into toluene. A spinner was used to deposit PMMA, 
polystyrene, and PVK for the optical characterization. Similarly, 
toluene was also used to remove the polystyrene and PVK thin 
film. 

3.3 Optical Characterization 

The reflectance measurement was performed by a back-focal 
plane (BFP) imaging setup connecting with a slit spectrometer 
and a CCD camera. This arrangement includes a 4f lens assembly 
with a halogen lamp for illumination, mirrors, a Mitutoyo Plan 
Apo 10 × objective (NA 0.28), a spatial filter, and a polarizer (see 
Part S4 ). Two custom optical setups photographed the images 
with different optical microscopes and cameras. A smartphone 
camera (Samsung Galaxy A31) with a ZESIS (Axio Scope AI, 
10 × objective, NA 0.2) microscope took one set of bright field 
microscopy images. A Canon DS126631 camera with a CASCADE 

MICROTECH (IR1X, 10 × objective, NA 0.25) microscope took 
another set of bright field microscopy images. In addition, 
an Olympus DSX 1000 Opto-digital microscope was employed 
for the unpolarized and linearly polarized illumination and 
associated image acquisition. 

Author Contributions 

Md Rumon Miah conceived the idea, performed all numerical simu- 
lations, fabricated and characterized all samples, and wrote the first 
manuscript. Yavuz Selim Aydın prepared the chromaticity diagrams and 
wrote the relevant part. Hilmi Volkan Demir supervised the project at all 
steps and wrote the final manuscript. 

Acknowledgements 

The authors gratefully acknowledge the financial support from TUBITAK 

20AG001 and 121C266. H. V. D. also acknowledges the support from 

TUBA and TUBITAK 2247-A National Leader Researchers Program 

(121C266). 

Funding 

The authors gratefully acknowledge the financial support from TUBITAK 

20AG001 and 121C266. H. V. D. also acknowledges the support from 

TUBA and TUBITAK 2247-A National Leader Researchers Program 

(121C266). 

Conflicts of Interest 

None of the authors have a conflict of interest to disclose. 

Data Availability Statement 

The data that support the findings of this study are available from the 
corresponding author upon reasonable request. 

References 

1 . H. Langhals, “Color Chemistry. Synthesis, Properties and Applica- 
tions of Organic Dyes and Pigments. 3rd Revised Edition. By Heinrich 
Zollinger,” Angewandte Chemie International Edition 43 (2004): 5291–
5292. 

2 . T.-H. Kim, K.-S. Cho, E. K. Lee, et al., “Full-Colour Quantum Dot 
Displays Fabricated by Transfer Printing,” Nature Photonics 5 (2011): 
176–182, https://doi.org/10.1038/nphoton.2011.12 . 

3 . T. Erdem and H. V. Demir, “Color Science of Nanocrystal Quantum 

Dots for Lighting and Displays,” nanoph 2 (2013): 57–81, https://doi.org/ 
10.1515/nanoph- 2012- 0031 . 

4 . F. Chacon-Sanchez, C. Ruiz de Galarreta, E. Nieto-Pinero, et al., 
“Building Conventional Metasurfaces With Unconventional Interband 
Plasmonics: A Versatile Route for Sustainable Structural Color Genera- 
tion Based on Bismuth,” Advanced Optical Materials 12 (2024): 1–10. 

5 . J. Proust, F. Bedu, B. Gallas, I. Ozerov, and N. Bonod, “All-Dielectric 
Colored Metasurfaces With Silicon Mie Resonators,”ACS Nano 10 (2016): 
7761–7767, https://doi.org/10.1021/acsnano.6b03207 . 

6 . P. Huo, M. Song, W. Zhu, et al., “Photorealistic Full-color Nanopainting 
Enabled by a Low-Loss Metasurface,” Optica 7 (2020): 1171, https://doi. 
org/10.1364/OPTICA.403092 . 

7 . Z. Li, A. W. Clark, and J. M. Cooper, “Dual Color Plasmonic Pixels 
Create a Polarization Controlled Nano Color Palette,”ACS Nano 10 (2016): 
492–498, https://doi.org/10.1021/acsnano.5b05411 . 

8 . J. Xue, Z.-K. Zhou, Z. Wei, et al., “Scalable, Full-Colour and Con- 
trollable Chromotropic Plasmonic Printing,” Nature Communications 6 
(2015): 1–9, https://doi.org/10.1038/ncomms9906 . 
9 . Y. Zhang, Q. Zhang, X. Ouyang, D. Y. Lei, A. P. Zhang, and H.-Y. Tam, 
“Ultrafast Light-Controlled Growth of Silver Nanoparticles for Direct 
Plasmonic Color Printing,” ACS Nano 12 (2018): 9913–9921, https://doi. 
org/10.1021/acsnano.8b02868 . 
10 . N. S. King, L. Liu, X. Yang, et al., “Fano Resonant Aluminum 

Nanoclusters for Plasmonic Colorimetric Sensing,” ACS Nano 9 (2015): 
10628–10636, https://doi.org/10.1021/acsnano.5b04864 . 

11 . T. Xu, Y. K. Wu, X. Luo, and L. J. Guo, “Plasmonic Nanoresonators 
for High-Resolution Colour Filtering and Spectral Imaging,” Nature 
Communications 1 (2010): 59, https://doi.org/10.1038/ncomms1058 . 

12 . T. Xu, E. C. Walter, A. Agrawal, et al., “High-Contrast and Fast Elec- 
trochromic Switching Enabled by Plasmonics,” Nature Communications 
7 (2016): 1–6. 

13 . Y. Chen, X. Duan, M. Matuschek, et al., “Dynamic Color Displays 
Using Stepwise Cavity Resonators,” Nano Letters 17 (2017): 5555–5560, 
https://doi.org/10.1021/acs.nanolett.7b02336 . 

14 . Z. Zhang, Z. Chen, L. Shang, and Y. Zhao, “Structural Color Materials 
From Natural Polymers,” Advanced Materials Technologies 6 (2021): 1–19, 
https://doi.org/10.1002/admt.202100296 . 

15 . H. Jiang and B. Kaminska, “Scalable Inkjet-Based Structural Color 
Printing by Molding Transparent Gratings on Multilayer Nanostruc- 
tured Surfaces,” ACS Nano 12 (2018): 3112–3125, https://doi.org/10.1021/ 
acsnano.7b08580 . 

16 . J. Gu, Y. Liu, N. Meng, et al., “Structural Colors Based on Diamond 
Metasurface for Information Encryption,” Advanced Optical Materials 11 
(2023): 1–8, https://doi.org/10.1002/adom.202202826 . 

17 . X. Duan, S. Kamin, and N. Liu, “Dynamic Plasmonic Colour Dis- 
play,” Nature Communications 8 (2017): 1–9, https://doi.org/10.1038/ 
ncomms14606 . 

18 . J. Peng, H.-H. Jeong, Q. Lin, et al., “Scalable Electrochromic Nanopix- 
els Using Plasmonics,” Science Advances 5 (2019): 1–8, https://doi.org/10. 
1126/sciadv.aaw2205 . 

19 . K. T. Lee, J. Y. Jang, J. Zhang, S. M. Yang, S. Park, and H. J. 
Park, “Highly Efficient Colored Perovskite Solar Cells Integrated With 

Advanced Optical Materials, 2026 9 of 10

 21951071, 2026, 23, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.71173 by H
ilm

i D
em

ir - B
ilkent U

niversity , W
iley O

nline L
ibrary on [19/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/nphoton.2011.12
https://doi.org/10.1515/nanoph-2012-0031
https://doi.org/10.1021/acsnano.6b03207
https://doi.org/10.1364/OPTICA.403092
https://doi.org/10.1021/acsnano.5b05411
https://doi.org/10.1038/ncomms9906
https://doi.org/10.1021/acsnano.8b02868
https://doi.org/10.1021/acsnano.5b04864
https://doi.org/10.1038/ncomms1058
https://doi.org/10.1021/acs.nanolett.7b02336
https://doi.org/10.1002/admt.202100296
https://doi.org/10.1021/acsnano.7b08580
https://doi.org/10.1002/adom.202202826
https://doi.org/10.1038/ncomms14606
https://doi.org/10.1126/sciadv.aaw2205


Ultrathin Subwavelength Plasmonic Nanoresonators,” Scientific Reports 
7 (2017): 1–10. 

20 . K. Kumar, H. Duan, R. S. Hegde, S. C. W. Koh, J. N. Wei, and J. 
K. W. Yang, “Printing Colour at the Optical Diffraction Limit,” Nature 
Nanotechnology 7 (2012): 557–561, https://doi.org/10.1038/nnano.2012.128 . 

21 . M. Song, L. Feng, P. Huo, et al., “Versatile Full-Colour Nanopainting 
Enabled by a Pixelated Plasmonic Metasurface,” Nature Nanotechnology 
18 (2023): 71–78, https://doi.org/10.1038/s41565-022- 01256- 4 . 

22 . W. Yang, S. Xiao, Q. Song, et al., “All-Dielectric Metasurface for High- 
Performance Structural Color,” Nature Communications 11 (2020): 1–8. 

23 . J. Walia, N. Dhindsa, M. Khorasaninejad, and S. S. Saini, “Color 
Generation and Refractive Index Sensing Using Diffraction From 2D 

Silicon Nanowire Arrays,” Small 10 (2014): 144–151. 

24 . S. Sun, Z. Zhou, C. Zhang, et al., “All-Dielectric Full-Color Printing 
With TiO2 Metasurfaces,”ACS Nano 11 (2017): 4445–4452, https://doi.org/ 
10.1021/acsnano.7b00415 . 

25 . D. Wen, J. J. Cadusch, J. Meng, and K. B. Crozier, “Multifunctional 
Dielectric Metasurfaces Consisting of Color Holograms Encoded Into 
Color Printed Images,” Advanced Functional Materials 30 (2020): 1–8, 
https://doi.org/10.1002/adfm.201906415 . 

26 . J.-H. Yang, V. E. Babicheva, M.-W. Yu, T.-C. Lu, T.-R. Lin, and K.-P. 
Chen, “Structural Colors Enabled by Lattice Resonance on Silicon Nitride 
Metasurfaces,” ACS Nano 14 (2020): 5678–5685, https://doi.org/10.1021/ 
acsnano.0c00185 . 

27 . B. Yang, W. Liu, Z. Li, et al., “Ultrahighly Saturated Structural 
Colors Enhanced by Multipolar-Modulated Metasurfaces,” Nano Letters 
19 (2019): 4221–4228, https://doi.org/10.1021/acs.nanolett.8b04923 . 

28 . K. Vilayphone, M. Amara, R. Orobtchouk, et al., “Design Rules for 
Structural Colors in All-Dielectric Metasurfaces: From Individual Res- 
onators to Collective Resonances and Color Multiplexing,”ACS Photonics 
11 (2024): 470–483, https://doi.org/10.1021/acsphotonics.3c01300 . 

29 . Q. Li, J. van de Groep, A. K. White, et al., “Metasurface Optofluidics 
for Dynamic Control of Light Fields,” Nature Nanotechnology 17 (2022): 
1097–1103, https://doi.org/10.1038/s41565-022-01197-y. 

30 . S. Sun, W. Yang, C. Zhang, et al., “Real-Time Tunable Colors From 

Microfluidic Reconfigurable All-Dielectric Metasurfaces,” ACS Nano 12 
(2018): 2151–2159, https://doi.org/10.1021/acsnano.7b07121 . 

31 . B. Yang, W. Liu, Z. Li, H. Cheng, S. Chen, and J. Tian, “Polarization- 
Sensitive Structural Colors With Hue-And-Saturation Tuning Based on 
All-Dielectric Nanopixels,” Advanced Optical Materials 6 (2018): 1–8, 
https://doi.org/10.1002/adom.201701009 . 

32 . H. Kobrinski and K. W. Cheung, “Wavelength-Tunable Optical Filters: 
Applications and Technologies,” IEEE Communications Magazine 27 
(1989): 53–63, https://doi.org/10.1109/35.35922 . 

33 . M. C. Y. Huang, Y. Zhou, and C. J. Chang-Hasnain, “A Surface- 
Emitting Laser Incorporating a High-Index-Contrast Subwavelength 
Grating,” Nature Photonics 1 (2007): 119–122, https://doi.org/10.1038/ 
nphoton.2006.80 . 

34 . F. A. W. Coumans, E. van der Pol, and L. W. M. M. Terstappen, 
“Flat-Top Illumination Profile in an Epifluorescence Microscope by Dual 
Microlens Arrays,” Cytometry Part A 81A (2012): 324–331, https://doi.org/ 
10.1002/cyto.a.22029 . 

35 . J. Kimball, J. Chavez, L. Ceresa, et al., “On the Origin and Correction 
for Inner Filter Effects in Fluorescence Part I: Primary Inner Filter Effect- 
the Proper Approach for Sample Absorbance Correction,” Methods and 
Applications in Fluorescence 8 (2020): 033002, https://doi.org/10.1088/ 
2050-6120/ab947c . 

36 . J. Bland-Hawthorn, S. C. Ellis, S. G. Leon-Saval, et al., “A Com- 
plex Multi-Notch Astronomical Filter to Suppress the Bright Infrared 
Sky,” Nature Communications 2 (2011): 1–7, https://doi.org/10.1038/ 
ncomms1584 . 

37 . X. Ding, C. Gui, H. Hu, et al., “Reflectance Bandwidth and Efficiency 
Improvement of Light-Emitting Diodes With Double-Distributed Bragg 
Reflector,” Applied Optics 56 (2017): 4375, https://doi.org/10.1364/AO.56. 
004375 . 

38 . J. W. Leem, X.-Y. Guan, and J. S. Yu, “Tunable Distributed Bragg 
Reflectors With Wide-Angle and Broadband High-Reflectivity Using 
Nanoporous/Dense Titanium Dioxide Film Stacks for Visible Wavelength 
Applications,”Optics Express 22 (2014): 18519, https://doi.org/10.1364/OE. 
22.018519 . 

39 . W.-S. Yum, J.-W. Jeon, J.-S. Sung, and T.-Y. Seong, “Highly Reliable 
Ag/Zn/Ag Ohmic Reflector for High-Power GaN-Based Vertical Light- 
Emitting Diode,” Optics Express 20 (2012): 19194. 

40 . L. Wang, Z. Shen, G. Du, P. Wang, and P. Wang, “The Thermal Stability 
of Silver-Based High Reflectance Coatings,” Thin Solid Films 616 (2016): 
122–125, https://doi.org/10.1016/j.tsf.2016.08.013 . 

41 . D. J. Wilson, K. Schneider, S. Hönl, et al., “Integrated Gallium 

Phosphide Nonlinear Photonics,” Nature Photonics 14 (2020): 57–62, 
https://doi.org/10.1038/s41566- 019- 0537-9 . 

42 . J. Cambiasso, G. Grinblat, Y. Li, A. Rakovich, E. Cortés, and S. A. 
Maier, “Bridging the Gap Between Dielectric Nanophotonics and the 
Visible Regime With Effectively Lossless Gallium Phosphide Antennas,”
Nano Letters 17 (2017): 1219–1225, https://doi.org/10.1021/acs.nanolett. 
6b05026 . 

43 . K. Schneider, P. Welter, Y. Baumgartner, H. Hahn, L. Czornomaz, and 
P. Seidler, “Gallium Phosphide-On-Silicon Dioxide Photonic Devices,”
Journal of Lightwave Technology 36 (2018): 2994–3002, https://doi.org/10. 
1109/JLT.2018.2829221 . 

44 . T. J. Grassman, M. R. Brenner, S. Rajagopalan, et al., “Contr ol 
and Elimination of Nucleation-Related Defects in GaP/Si(001) Het- 
eroepitaxy,” Applied Physics Letters 94 (2009), https://doi.org/10.1063/1. 
3154548 . 

45 . H. Emmer, C. T. Chen, R. Saive, et al., “Fabrication of Single Crystal 
Gallium Phosphide Thin Films on Glass,” Scientific Reports 7 (2017): 1–6, 
https://doi.org/10.1038/s41598- 017- 05012- w. 

46 . J. Gao, Q. Zhan, and A. M. Sarangan, “High-Index Low-Loss Gallium 

Phosphide Thin Films Fabricated by Radio Frequency Magnetron Sput- 
tering,” Thin Solid Films 519 (2011): 5424–5428, https://doi.org/10.1016/j. 
tsf.2011.02.068 . 

47 . M. Melli, M. West, S. Hickman, et al., “Gallium Phosphide Optical 
Metasurfaces for Visible Light Applications,” Scientific Reports 10 (2020): 
1–7, https://doi.org/10.1038/s41598- 020- 77753-0 . 

48 . T. Kaelberer, V. A. Fedotov, N. Papasimakis, D. P. Tsai, and N. I. 
Zheludev, “Toroidal Dipolar Response in a Metamaterial,” Science 330 
(2010): 1510–1512, https://doi.org/10.1126/science.1197172 . 

49 . C. Cui, S. Yuan, X. Qiu, et al., “Light Emission Driven by Magnetic and 
Electric Toroidal Dipole Resonances in a Silicon Metasurface,”Nanoscale 
11 (2019): 14446–14454, https://doi.org/10.1039/C9NR03172C . 

Supporting Information 

Additional supporting information can be found online in the Supporting 
Information section. 
Supporting File: adom71173-sup-0001-SuppMat.docx. 

10 of 10 Advanced Optical Materials, 2026

 21951071, 2026, 23, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.71173 by H
ilm

i D
em

ir - B
ilkent U

niversity , W
iley O

nline L
ibrary on [19/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/nnano.2012.128
https://doi.org/10.1038/s41565-022-01256-4
https://doi.org/10.1021/acsnano.7b00415
https://doi.org/10.1002/adfm.201906415
https://doi.org/10.1021/acsnano.0c00185
https://doi.org/10.1021/acs.nanolett.8b04923
https://doi.org/10.1021/acsphotonics.3c01300
https://doi.org/10.1038/s41565-022-01197-y
https://doi.org/10.1021/acsnano.7b07121
https://doi.org/10.1002/adom.201701009
https://doi.org/10.1109/35.35922
https://doi.org/10.1038/nphoton.2006.80
https://doi.org/10.1002/cyto.a.22029
https://doi.org/10.1088/2050-6120/ab947c
https://doi.org/10.1038/ncomms1584
https://doi.org/10.1364/AO.56.004375
https://doi.org/10.1364/OE.22.018519
https://doi.org/10.1016/j.tsf.2016.08.013
https://doi.org/10.1038/s41566-019-0537-9
https://doi.org/10.1021/acs.nanolett.6b05026
https://doi.org/10.1109/JLT.2018.2829221
https://doi.org/10.1063/1.3154548
https://doi.org/10.1038/s41598-017-05012-w
https://doi.org/10.1016/j.tsf.2011.02.068
https://doi.org/10.1038/s41598-020-77753-0
https://doi.org/10.1126/science.1197172
https://doi.org/10.1039/C9NR03172C

	Multi-Dielectric Metasurfaces for Ultrabright, Tunable Structural Color and Reconfigurable Optical Filtering with Extraordinarily Large Color Span
	1 | Introduction
	2 | Conclusion
	3 | Methods
	3.1 | Numerical Calculations
	3.2 | Fabrication
	3.3 | Optical Characterization

	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


