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Color filters in different surroundings inherently suffer from angular sensitivity, which hinders their practical ap-
plications. Here, we present an angle-insensitive plasmonic filter that can produce different color responses to different
surrounding environments. The color filters are based on a two-dimensional periodically and randomly distributed silver
nanodisk array on a silica substrate. The proposed plasmonic color filters not only produce bright colors by altering the
diameter of the Ag nanodisk, but also achieve continuous color palettes by changing the surrounding environment. Due to
the weak coupling between the metallic nanodisks, the plasmonic color filters can enable good incident angle-insensitive
properties (up to 30◦). The strategy presented here could exhibit robust and promising applicability in anti-counterfeiting
and imaging technologies.

Keywords: plasmonic color filter, color sensing, high angular tolerance
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1. Introduction
In our world, bright and vivid colors are observed in

plants and animals, such as lotus petals, fish scales, and but-
terfly wings. These tiny structures of petals, scales, and wings
can determine how the transmission, reflection, and absorp-
tion of incident light occur, and then different structural color
can be produced by manipulating the spectrum.[1,2] For thou-
sands of years, these beautiful colors in nature have attracted
much attention and the study of artificial colors have never
stopped.[3–5] In recent years, artificial nanostructures, made up
of a subwavelength structure, have been developed as a new
way to produce bright structural colors.[6–8] The resonance
effects excited by the interplays between light and nanos-
tructures can be manipulated to separate the incident white
light in either transmitted or reflected systems, resulting in
bright structural colors.[9–16] Based on this mechanism, vari-
ous nanostructures with gold (Au),[9] aluminum (Al),[10] silver
(Ag),[11,12] silicon (Si),[13,14] silicon nitride (Si3N4),[15] and
titanium dioxide (TiO2)[16] have been investigated to produce
structural colors. Generally, nanostructures possess several as-
pects of design freedom, such as geometric parameters,[17,18]

structural materials,[19] the properties of incident light,[20]

the surrounding environments,[14,16,21,22] etc.; in combination
with the above-mentioned mechanism, the optical properties
of color filters with fixed geometric parameters can be further
altered and thus are widely used in anti-counterfeiting tech-
nologies, dynamic displays, and security tags.[23] Among the
various external stimuli, the color responses to changes in the
surrounding environment are fascinating because colors can

be conveniently switched without adjusting the structural ge-
ometric parameters, materials, and the properties of incident
light. For instance, Sun et al. achieved dynamic structural
colors covering the whole visible spectrum with the aid of
microfluidic reconfigurable TiO2 nanostructures.[16] The nar-
rowband reflectance spectrum and the corresponding color of
a TiO2 nanostructure array can be accurately manipulated by
changing the refractive index of the injection solution. In
another work, a color sensor, based on a metal–dielectric–
metal configuration with polydimethylsiloxane as the dielec-
tric layer, achieved tunable structural colors by changing the
refractive index of the immersed solvent.[21] Although previ-
ous reports have been able to provide sufficient color varia-
tions, it is difficult for the color variations without high angular
toleration to be applied in sensors and dynamic displays.

Here, we present an angle-insensitive plasmonic filter that
can produce different color responses to different surrounding
environments. The proposed plasmonic color filters, based
on the periodically distributed nanodisk (PDND) array, not
only produce bright structural colors by adjusting the nan-
odisk diameter, but also achieve continuous color palettes by
changing the surrounding environment. Simultaneously, due
to the weakly coupled localized surface plasmon resonances
(LSPRs) excited in the metallic nanodisks, the proposed plas-
monic color filters have good incident angle-insensitive prop-
erties and excellent polarization angle-insensitive properties.
Moreover, based on the analysis of the effect of gap size on
the transmittance valley wavelength, an angle-insensitive plas-
monic color filter based on the randomly distributed nanodisk
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(RDND) array is also investigated to produce different color
responses to different surrounding environments, which pro-
vides another effective and robust way to produce vivid color.

2. Structure and design

As shown in Fig. 1(a), the proposed plasmonic color fil-
ter is composed of a monolayer ultrathin metallic PDND ar-
ray structure on a silica (SiO2) glass substrate. Notably, the
PDND array can manipulate electromagnetic fields with the
aid of LSPRs.[11] The diameter, period, and thickness of the
nanodisk are denoted by d, p, and t. The gap size (g) between
adjacent nanodisks is g = p−d and the duty ratio of this struc-
ture is defined as f = d/p. It is noteworthy that the thickness
and duty ratio are fixed at 40 nm and 0.5, which can be cor-
roborated by the information in part 1 of supplement 1. In this

structure, Ag is chosen as the material of the PDND array and
the optical coefficient of Ag is shown in Fig. S3(a). The optical
constant of the SiO2 substrate is also illustrated in Fig. S3(b).

Moreover, the transmittance spectra and the electric field
distributions of the PDND arrays in different surrounding en-
vironments are obtained by using the finite-difference-time-
domain solutions commercial software. The Bloch boundary
conditions are selected to analyze and calculate the periodic
section of the structure on the x-axis and y-axis, and the per-
fect matched layer (PML) boundary conditions are selected on
the z-axis. Considering the symmetry of the nanodisk struc-
ture, the polarization angle in this work is 45◦, which is shown
in Fig. S4. Obviously, the optical properties of the PDND ar-
ray should be completely independent of the polarization an-
gle, which can be verified by the transmittance spectra of the
PDND array at different polarization angles shown in Fig. S4.
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Fig. 1. (a) Schematic geometry of one unit of the ultrathin PDND array. (b) Transmittance spectra of the PDND array with dimensions of d = 100 nm,
p = 200 nm, and t = 40 nm versus the surrounding refractive index. The white dashed line represents the transmittance peaks versus the surrounding
refractive index and the black triangles represent the transmittance peaks in air, water, DMSO, and CS2. (c) Chromaticity coordinates corresponding
to the transmittance spectra of panel (b). The white solid lines show magenta to blue color filtering and the arrows indicate the direction. The black
stars represent the chromaticity coordinates corresponding to the transmittance spectra in air, water, DMSO, and CS2.

3. Results and analysis

The spectra and color responses of the proposed PDND

array to changes in the surrounding environment are shown

in Figs. 1(b) and 1(c). The PDND array has dimensions of

d = 100 nm, p = 200 nm, and t = 40 nm. Figure 1(b) de-

picts the transmittance spectra of the PDND array in differ-

ent surrounding environments under normal incidence. As the

surrounding refractive index (nsur) increases, the transmittance

valley shifts from short wavelength to long wavelength. More-

over, as shown in Fig. 1(c), a continuous palette from magenta

to blue colors can be produced by changing the surrounding

environment with the help of the CIE standard illuminant D65

and the transmittance spectra shown in Fig. 1(b). In this work,

we chose air, water, dimethyl sulfoxide (DMSO), and carbon

disulfide (CS2) as four different surrounding environments to

exhaustively study the excellent color responses of the PDND

array to changes in the surrounding environment. As the sur-

rounding environment changes from air to water, DMSO, and

CS2, the refractive index of the surroundings varies from 1.00

to 1.333, 1.4795, and 1.6276. Correspondingly, the transmit-

tance valley at 515 nm shifts to 572 nm, 599 nm, and 623 nm.

Meanwhile, the effect of the surroundings on the optical prop-

erties and the color characteristics are shown in Fig. 2. The

effect of the surroundings on optical properties (e.g., the shift

of the resonance wavelength, the transmittance at the reso-

nance wavelength, and the bandwidth of the transmittance val-

ley) of the proposed PDND array is shown in Fig. 2(a). As

the refractive index of the surrounding environment increases

from 1 to 1.6275, the resonance wavelength appears to red-

shift, the transmittance at the resonance wavelength gradually

decreases, and the bandwidth of the transmittance valley grad-

ually becomes wider.
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Notably, according to the formula of tristimulus values,

X = k
∫ 800

400 S(λ )T (λ )x(λ )dλ ,

Y = k
∫ 800

400 S(λ )T (λ )y(λ )dλ ,

Z = k
∫ 800

400 S(λ )T (λ )z(λ )dλ ,

k = 100/
∫ 400

800 S(λ )y(λ )dλ ,

(1)

where S(λ ) is the spectral energy distribution of D65, T (λ )
is the spectrum of the proposed array; x̄(λ ), ȳ(λ ), and z̄(λ )
are the CIE 1931 spectral tristimulus values; and k is a nor-
malized coefficient. Apparently, there are direct mapping re-
lations between the transmittance spectrum and the tristimulus
values. Therefore, to explain the effect of the surroundings on
the color characteristics (e.g., hue, saturation, and lightness) of
colors produced by the proposed PDND array by utilizing the
change of the transmittance spectrum in different surround-
ings, the saturation is considered in the CIE 1931 chromaticity
diagram (the solid color on the CIE-space outline has 100%
saturation, but the white point in the center has 0% satura-
tion). The lightness and hue are calculated in the Lch (light-
ness, chroma, and hue) module as follows:


L = 116

(
Y
Yn

)1/3
−16, Y

Yn
>
( 6

29

)3
,

L =
( 29

3

)3
(

Y
Yn

)
, Y

Yn
≤
( 6

29

)3
,

c = (u+ v)1/2,

h = arctan(v/u) ,

u = 4X
X+15Y+3Z − 4Xn

Xn+15Yn+3Zn
,

v = 4Y
X+15Y+3Z − 4Yn

Xn+15Yn+3Zn
,

(2)

where L, c, and h are the calculated lightness, chroma, and
hue in the Lch module; u and v are the chromatic coordinates

in the Lch module; X , Y , and Z are the tristimulus values of the
color generated; Xn, Yn, and Zn are the tristimulus values of the
source D65. Furthermore, for the hue in the Lch model, if u
and v are positive values, the hue is in the range of [0,π/2];
if v is a positive value but u is a negative value, the hue is in
the range of [π/2,π]; if u and v are negative values, the hue
is in the range of [π,3π/2]; if u is a positive value but v is a
negative value, the hue is in the range of [3π/2,2π].

As shown in Fig. 2(b), the effect of the surroundings on
the color characteristics (e.g., hue, saturation, and lightness)
of colors produced by the proposed PDND array is also stud-
ied. As the surrounding refractive index increases from 1 to
1.6275, the color hue appears significantly changed, which is
due to the redshift of the resonance wavelength. The color sat-
uration gradually improves with the refractive index of the sur-
rounding environment increasing from 1 to 1.6275, which is
attributed to the decrease of the transmittance at the resonance
wavelength and the increase of the bandwidth of the transmit-
tance valley. Furthermore, the color lightness gradually de-
creases. According to the calculated formula of lightness, the
lightness only depends on the stimulus value Y and the stimu-
lus value Y only depends on the transmittance spectrum T (λ ).
In brief, the lightness only depends on the transmittance spec-
trum T (λ ), which means that the lightness will be higher when
more energies in the visible spectrum are transmitted. With
the redshift in the resonance wavelength and the transmittance
valley in the different surroundings, the sideband of the trans-
mittance spectrum gradually decreases and the total transmit-
tance in the visible range also gradually decreases, which is
the reason why the lightness of color slightly decreases as the
surrounding environment changes.

n n

Fig. 2. (a) The effect of surroundings on optical properties (e.g., the shift of the resonance wavelength, the transmittance at the resonance
wavelength, and the bandwidth of the transmittance valley) of the proposed PDND array. (b) The effect of the surroundings on the characteristics
(e.g., hue, saturation, and lightness) of colors produced by the proposed PDND array.

With the diameter of the Ag nanodisk increasing from
60 nm to 160 nm in steps of 20 nm, the transmittance spectra
of 6 nanostructures at normal incidence are shown in Fig. 3(a).
Obviously, the wavelength at the transmittance valley shifts
from 467 nm to 639 nm. Meanwhile, the chromaticity coordi-

nates corresponding to the transmittance spectra of the PDND
arrays with different nanodisk diameters are plotted with a
white line in the CIE 1931 chromaticity diagram and the white
arrows indicate the direction in which the diameter of the nan-
odisk increases from 60 nm to 160 nm. The black stars plotted
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in Fig. 3(b) represent the colors corresponding to the trans-
mittance spectra shown in Fig. 3(a). Furthermore, the color
responses of 11 nanostructures to different surrounding envi-

ronments are recorded in Fig. 3(c). Apparently, the continuous
color palettes achieved by changing the surrounding environ-
ment are quite robust.
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Fig. 3. (a) Transmittance spectra of 6 nanostructures with different nanodisk diameters at normal incidence. Notably, the nanodisk thickness
is t = 40 nm and the duty ratio is f = 0.5. (b) Chromaticity coordinates corresponding to the transmittance spectra of the PDND arrays with
different nanodisk diameters. (c) Color palettes produced by 11 nanostructures in air, water, DMSO, and CS2. The diameter increases from
60 nm to 160 nm in steps of 10 nm.

As shown in Figs. 4(a)–4(c), the transmittance spectra of
3 nanostructures with diameters of 60 nm, 100 nm, and 140 nm
in air, water, DMSO, and CS2 at different incident angles are
studied. Apparently, the transmittance valley wavelengths of
the PDND arrays with diameters of 60 nm and 100 nm keep
almost invariable with the incident angle increasing from 0◦

to 45◦. To explicitly show the slight changes of the trans-
mittance valleys of the PDND arrays with the diameters of
60 nm and 100 nm in different surroundings at different inci-
dent angles, with the incident angle varying from 0◦ to 45◦,
the effects of the incident angle on the optical properties (e.g.,
the shift of the resonance wavelength, the transmittance at the
resonance wavelength, and the bandwidth of the transmittance
valley) and the color characteristics (hue, saturation, and light-
ness) of the PDND array with a diameter of 100 nm in differ-
ent surroundings are selected as examples to study, as shown
in Figs. S6–S9. The transmittance valley wavelengths of the
PDND array with a diameter of 140 nm shift slightly with the
incident angle increasing from 0◦ to 30◦; however, the trans-
mittance valley wavelengths of the PDND array with a diam-
eter of 140 nm demonstrate obvious shifts when the incident
angle exceeds 30◦. It is worth noting that the relative reso-
nance wavelength shifts can be more intuitively represented in
Fig. S5 with the aid of the polar plots of the resonant wave-
length as a function of incident angle. Furthermore, a new
transmittance valley at relatively short wavelengths is excited

when the incident light illuminates the PDND array with a di-
ameter of 140 nm at an incident angle of 30◦, which is due to
the redshift in the transmittance spectra caused by the increase
in the nanodisk diameter.[24] As the surrounding environment
changes from air to water, DMSO, and CS2, the new excited
valley shifts to a longer wavelength, and the new valley also
becomes more apparent.

The electric field distributions of the PDND array with a
diameter of 100 nm at the transmittance valley wavelengths
in different surrounding environments are shown in Fig. 4(d).
On the one hand, the LSPRs can be excited within the PDND
array and the coupling between the nanodisks is weak. The
weak coupling between the nanodisks indicates that the fil-
tering properties of the proposed structure are determined by
the resonance effect of a single nanodisk. Therefore, the reso-
nance frequency of the LSPRs excited within the PDND array
is determined by the dimension and surrounding environment
of a single nanodisk.[26] On the other hand, compared with
the electric field distributions at normal incidence in differ-
ent surrounding environments, the corresponding electric field
distributions at the incident angle of 45◦ only show slight dis-
tortions. These results well confirm the fact that the resonance
frequency of the LSPR is independent of the incident wave
vector (i.e., the incidence angle). Therefore, the weakly cou-
pled LSPRs excited in the PDND arrays account for the angle-
insensitive filtering properties of the PDND arrays.
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Fig. 4. (a)–(c) Transmittance spectra of three nanostructures with different nanodisk diameters in air, water, DMSO, and CS2 with the incident
angle increasing from 0◦ to 45◦. (d) Electric field distributions of the PDND array with a diameter of 100 nm at an incident angle of 0◦ and 45◦

in different surrounding environments.

Furthermore, according to the illuminant D65 and the
transmittance spectra in Figs. 4(a)–4(c), the calculated chro-
maticity coordinates are plotted in the CIE 1931 chromaticity
diagrams illustrated in Fig. 5. Obviously, the colors produced
by the PDND arrays with diameters of 60 nm and 100 nm in
different surroundings do not change slightly as the incident
angle varies from 0◦ to 45◦. Also, the colors produced by the
PDND array with a diameter of 140 nm in different surround-
ings do not change significantly as the incident angle varies
from 0◦ to 30◦. However, the colors at large incident angles
show relatively obvious changes for the PDND array with a
diameter of 140 nm due to the new transmittance valleys ex-
cited at large incident angles.

Meanwhile, the color difference between two colors can
be calculated by the CIE DE2000 formula.[25] For the PDND
arrays with different diameters, the calculated values are
shown in Fig. 6. Apparently, the calculated color difference
gradually increases as the incident angle increases. Whether
for the PDND arrays with diameters of 60 nm, 100 nm, or
140 nm, the color difference between the color responses to
change in the surrounding environment at different incident
angles remains at a relatively low level that cannot be easily
detected by human eyes when the incident angle is below 30◦.
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Fig. 5. Chromaticity coordinates corresponding to the transmitted col-
ors produced by 3 nanostructures with diameters of 60 nm, 100 nm, and
140 nm in different surroundings at increasing incident angles of 0◦, 15◦,
30◦, and 45◦. (a) In air; (b) in water; (c) in DMSO; (d) in CS2.

It is not difficult to observe from Fig. 7(a) that the PDND
arrays with dimensions of d = 100 nm and t = 40 nm have
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close transmittance valley wavelengths (@515 nm, @518 nm,
@526 nm) in air at different gap sizes (100 nm, 250 nm, and
400 nm), which means that the gap sizes between the nan-
odisks have almost no effect on the transmittance valley wave-
length but have an effect on the intensity of the transmittance
valley. Apparently, the phenomenon that the gap sizes between
the nanodisks have almost no effect on the transmittance valley
wavelength is attributed to the weakly coupled LSPRs excited
in the PDND arrays, which can be observed from Fig. 7(b).
The effect of the gap size on the transmittance valley wave-
length in water, DMSO, or CS2 is similar to the case in air,
which can be verified in Fig. S10. These results confirm that
the transmittance valley wavelength can be determined by the
nanodisk diameter in different surrounding environments.
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400 500 600 700 800

Wavelength (nm)

0

20

40

60

80

100

T
ra

n
sm

it
ta

n
c
e
 (

%
)

515 nm

518 nm

526 nm

g=100 nm

g=100 nm

g=400 nm
0

2

4

6

8

g=250 nm

g=400 nm

(a) (b)
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(b) Electric field distributions of the PDND arrays with gap sizes g =
100 nm and 400 nm at resonance wavelengths.

Based on the analysis of the effect of gap size on the

transmittance valley wavelength, an RDND array structure is
designed to realize the color filtering. Here, a minimum gap
g = 100 nm between nanodisks, a fixed filling ratio fr = π/16,
and an area containing 25 nanodisks are adopted to design the
RDND array with dimensions of d = 100 nm and t = 40 nm,
which is shown in Fig. 9(a). The reasons for the selection of
the above design rule can be seen in Fig. 8. The gap size be-
tween nanodisks, the filling ratio, and the size of the designed
area are three necessary elements for the design of an RDND
array structure. Therefore, the design rule of the RDND array
with dimensions of d = 100 nm and t = 40 nm is divided into
three parts for explanatory purposes. First of all, for the ease
of mathematical realization of random distribution, the filling
ratio of the RDND array is equivalent to that of the PDND
array. The filling ratio calculated from Fig. 8(a) is

fr =
π(d/2)2

(2d)2 =
π

16
. (3)

Such a fixed filling ratio also allows us to compare the differ-
ences between the PDND and RDND arrays in optical prop-
erties. Secondly, with the aid of the relationship between the
extinction results of the double nanodisk structure and the gap
size between nanodisks, the minimum gap size for decou-
pling for this double nanodisk structure can be obtained.[27]

As shown in Fig. 8(b), the extinction results of the double nan-
odisk structure with dimensions of d = 100 nm and t = 40 nm
are calculated with the gap size changing from g = 20 nm
to g = 200 nm. The extinction peak wavelength remains al-
most constant when the gap size is no less than 100 nm, which
means that the weakly coupled LSPRs excited in the double
nanodisk structure make the transmittance valley wavelength
depend on the nanodisk diameter only when the gap size is no
less than 100 nm. (Due to the fact that the critical value can
be clearly found in the extinction results of the double nan-
odisk structure with the gap size changing from g = 20 nm to
g = 200 nm, it is not necessary to calculate the extinction re-
sults of the double nanodisk structure with the gap size chang-
ing from g= 20 nm to g= 400 nm.) Therefore, the selection of
the minimum gap size of 100 nm between nanodisks is neces-
sary for the realization of a stable and reproducible color filter
based on the RDND array. Thirdly, due to the RDND array
without periodicity, the PML chosen on the x-axis and y-axis
is necessary. If the size of the designed area is not restricted,
the design and calculation will be too complex to continue. As
can be observed from Fig. 8(d), the color becomes more and
more vivid as the array number increases. It is noteworthy that
the color produced by the 5×5 array is close to that of the pe-
riod array. Hence, such a design area containing 25 nanodisks
is a suitable choice. According to the above design rules, the
RDND array with 25 nanodisks generated by the MATLAB
tool is shown in Fig. 8(c).
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Fig. 8. (a) Top view of the PDND array. (b) Extinction results of the
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p = 200 nm, d = 100 nm, and t = 40 nm. The corresponding colors are
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According to the above design rule, the designed PDND
and RDND arrays with 25 nanodisks are shown in Fig. 9(a).
As can be observed from Fig. 9(b), the transmittance spec-
tra of the RDND array with 25 nanodisks at normal incidence
in different surrounding environments have a good agreement
with those of the PDND array with 25 nanodisks at normal
incidence in different surrounding environments, which fur-
ther confirms that the transmittance valley wavelength can be
determined by the nanodisk diameter in different surrounding
environments. The chromaticity coordinates corresponding to
the transmittance spectra shown in Fig. 9(b) are plotted in the
CIE 1931 chromaticity diagram illustrated in Fig. 9(c). Mean-
while, as shown in Fig. 9(d), the transmittance valley wave-
lengths of the RDND array with 25 nanodisks in different in-
cident angles remain almost invariable as the incident angle
increases from 0◦ to 45◦. Similar to the physical reason of
the angle-insensitive filtering properties of the PDND arrays,
the weakly coupled LSPRs excited within the RDND array are
also responsible for the angle-insensitive filtering properties of
the RDND array, which is shown in Fig. S12. To sum up, the
RDND array can also be an effective and robust way to pro-
duce vivid color with the aid of an appropriate design rule.
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Fig. 9. (a) Schematic geometries of the PDND and RDND arrays. (b) Transmittance spectra of the PDND and RDND arrays in air, water,
DMSO, and CS2. The array contains 25 nanodisks. (c) Chromaticity coordinates corresponding to the transmittance spectra of the RDND array
in different surrounding environments. The white solid lines showing magenta to blue color filtering and the arrows indicate the direction. The
black stars represent the chromaticity coordinates corresponding to the transmittance spectra of panel (b). (d) Map of the transmittance spectra
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4. Conclusion

In this paper, through a thorough study of the response of

plasma to different surrounding environments and the insensi-

tive properties of the incident angle in different surrounding

environments, an angle-insensitive plasmonic filter that can
produce different color responses to different environments is
constructed. The plasmonic color filters not only achieve con-
tinuous palettes by changing the surrounding environment, but
also produce bright structural colors by altering the nanodisk
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diameter. Simultaneously, the proposed color filters have good
incident angle-insensitive properties and excellent polarization
angle-insensitive properties. The color responses of the pro-
posed filters to an arbitrary surrounding environment remain
almost invariable as the incidence angle increases from 0◦ to
30◦. It is the weakly uncoupled LSPRs excited between the
nanodisks that bring out the physical reason of the angle in-
sensitive filtering properties of the plasmonic color filters in
different surrounding environments. Moreover, based on the
analysis of the effect of gap size on the transmittance valley
wavelength, an angle-insensitive plasmonic color filter based
on the RDND array is also investigated to produce different
color responses to different surrounding environments, which
provides another effective and robust way to produce vivid
color. Therefore, the proposed plasmonic color filters have ro-
bust and promising applicability in anti-counterfeiting, imag-
ing technologies, and so forth.
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