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Polarization-independent plasmonic subtractive
color filtering in ultrathin Ag nanodisks
with high transmission
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We demonstrate a TE/TM polarization-independent plasmonic subtractive color filtering scheme employing
ultrathin two-dimensional Ag nanodisks. These TE/TM polarization-independent subtractive color filters exhibit
small feature sizes (below 200 nm) and high transmission up to 70% in the visible spectral region, superior to
previously reported plasmonic color filters. Simulated optical transmission spectra and colors are in good
agreement with experimental results. The color-filtering behaviors strongly depend on thickness and period
of nanodisks. Underlying mechanisms are also discussed in detail. © 2015 Optical Society of America
OCIS codes: (120.7000) Transmission; (240.0310) Thin films; (260.5430) Polarization; (310.6628) Subwavelength structures,
nanostructures.
http://dx.doi.org/10.1364/AO.55.000148

Extraordinary low transmission (ELT) through ultrathin nanostructured metallic films, where the thickness of metal film is
comparable to or below its skin depth, has sparked intense interest and applications recently [1–4]. When an ultrathin metal
film is patterned with periodic arrays of nanoapertures, one may
intuitively expect that it could transmit more light because
some of the light-blocking metals are removed. Surprisingly,
previous works indicate that the light transmission within certain spectral bands can be totally suppressed. This is exactly in
opposition to the well-known extraordinary optical transmission (EOT) of light through optically thick (beyond the skin
depth) metal films patterned with periodic arrays of subwavelength apertures [5,6]. The EOT phenomenon is induced by
the resonant coupling of photons to surface plasmons at a
metal–dielectric boundary, which is strongly related to the type
of metal and dielectric and subwavelength structures [7–9].
This provides an efficient method for light manipulation by
changing the materials or geometric parameters of subwavelength structures. Plasmonic additive color filters (ACFs) were
then proposed using the EOT phenomenon to filter red, green,
1559-128X/16/010148-05$15/0$15.00 © 2016 Optical Society of America

and blue colors. Due to the advantages of good reliability, environmental friendliness, and durability, plasmonic ACFs are
superior to traditional color filters using chemical pigments
or dyes, making them promising components for image sensors, digital cameras, projectors, and other optical measurement
instrumentation [10–15]. However, there remain several restrictions for industrial applications such as low transmission
efficiency ∼30% and complex, high-cost fabrication processes. Therefore, further improvement of this technique is
strongly desired [7, 8, 16,17]. On the other hand, for the ELT
phenomenon, one of the most promising applications is plasmonic subtractive color filters (SCFs) in which cyan, magenta,
and yellow subtractive colors can be achieved. Recently, Zeng
et al. [18] reported a simple one-layer Ag film (30 nm in thickness) with subwavelength patterns acting as plasmonic SCFs,
achieving high transmission efficiency (about 60%). This is
a very attractive approach for industrial applications.
In our previous work, the effects of film thickness and
period on color filtering in ultrathin Ag nanograting and nanohole arrays were systematically studied [19]. It was found that
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the transmission minimum wavelength exhibits a redshift with
increasing period and decreasing film thickness. Color-filtering
behaviors strongly depend on geometric parameters of the patterned nanostructures, e.g., hole shape [20], inner coaxial particles in the hole [21,22], and layer separation distance [23].
Most recently, ELT phenomena through two-dimensional
Au nanodisks [24] and Al nanopatches [25] have been reported
in which the ELT effect in Au nanodisks is only observed in the
near-infrared region and the feature sizes for both Au nanodisks
and Al nanopatches are larger than 200 nm (or half of the wavelength from 400 to 700 nm). Since the pixel size is a critical
concern for applications such as high-density information storage and high-resolution image sensors, it is still strongly desirable to design plasmonic color filters with smaller feature sizes
(below 200 nm) in the visible spectral region. In this work, we
propose polarization-independent plasmonic SCFs utilizing ultrathin Ag nanodisks with various structural parameters. A
series of ultrathin Ag nanodisk-based plasmonic SCFs are first
fabricated and characterized. High transmission efficiency of up
to 70% in the visible region and the period down to 140–
200 nm are achieved in these Ag nanodisk plasmonic SCFs.
A systematic study is performed to clarify the dependence of
color-filtering behaviors on the thickness and period of Ag
nanodisks. The same simulated transmission spectra of the proposed plasmonic SCFs under both transverse-electric (TE) and
transverse-magnetic (TM) polarized illuminations indicate
their polarization-independent functionality [26].
Figure 1(a) illustrates ultrathin Ag nanodisks on a glass substrate. Here, P is the period, d represents the thickness, L is the
diameter, and the ratio r  L∕P is 0.5. For the preparation of
two-dimensional Ag nanodisk arrays [27], Ag films on glass
substrate (roughness of about 1 nm) were magnetron-sputtered
using a direct-current magnetron sputtering system (JZCK400) in a vacuum of 5 × 10−4 Pa chamber under purified argon
atmosphere of 0.5 Pa. The bulk Ag target material with a purity
of 99.999 at. % was sputtered using the voltage of 420 V and
current of 0.15 A. The thickness of deposited films was
characterized by spectroscopic ellipsometer (Semilab Sopra
GES_5E) and synchrotron radiation x-ray reflectivity (SRXRR) at beamline BL14B1 of the Shanghai Synchrotron
Radiation Facility at a wavelength of 0.124 nm. The film
thickness is determined to be 40 nm. Nanodisk arrays were
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fabricated using an electron beam lithography system. The size
of the studied Ag nanodisk arrays is 120 μm × 120 μm. Their
microstructures were monitored by field emission scanning
electron microscopy (Hitachi S-4800). Figure 1(b) is the SEM
image for 40 nm thick Ag nanodisks with a period of 290 nm.
Optical microscopy images of nanodisk arrays under white light
were measured using a standard microscope (Nikon 80i).
Using the FDTD method, we simulated transmission spectra through Ag nanodisk arrays for different film thicknesses
and periods. The complex dielectric constants n and k used
in the simulations were from Palik [28], in which a series of
n and k data experimentally determined at different wavelengths for Ag films were fitted with a tolerance of 0.01 and
max coefficient of 3. In order to fully absorb scattered light,
perfect matched layer (PML) boundary conditions were used
in simulations. Symmetric or antisymmetric boundary conditions were also applied to obtain the periodic structure and reduce the computing time. The selection of symmetric or
antisymmetric boundary condition was related to the polarization of the source, which was a white light plane source with a
band of 400–750 nm. If the source was TM-polarized, x min and
x max boundaries were set to antisymmetric boundary conditions, y min and y max boundaries were set to symmetric boundary
conditions, while z min and z max boundaries were set to PML
boundary conditions. Otherwise, the source was TE-polarized
and x min and x max boundaries were set to symmetric boundary
conditions, y min and y max boundaries were set to antisymmetric
boundary conditions, and z min and z max boundaries were set to
PML boundary conditions. To ensure convergence, the simulations were performed for different mesh sizes of 5, 4, 3, 2, 1,
and 0.5 nm, and the results (transmission spectra) converged as
the mesh size varied from 1 to 0.5 nm. A 1 nm mesh grid was
eventually chosen, as the results were reliable and resource
occupation is acceptable at the same time.
A series of Ag nanodisk-based SCFs with periods ranging
from 140 to 320 nm were fabricated. Figure 2(a) shows optical
micrographs of all color filters under white light illumination.
Using the FDTD method, transmission spectra for Ag nanodisks with periods P from 140 to 360 nm in steps of 10 nm, d
from 10 to 50 nm in steps of 5 nm, and r of 0.5 were also
obtained. Figure 2(b) shows the CIE1931 chromaticity diagram overlaid with points corresponding to colors calculated
by the simulated transmission spectra for 40 nm thick Ag nanodisks (P  140, 170, 180, 210, 240, 260, 290, 310, and
320 nm) under white light illumination. More specifically,
the coordinates of the color for each simulated transmission
spectra on the CIE1931 chromaticity diagram was calculated
by substituting Eqs. (1)–(4) into Eqs. (5) and (6):
X
(1)
X  k βλPλx̄λ;
λ

X
Y  k βλPλȳλ;

(2)

λ

Fig. 1. (a) Illustration of the studied nanodisk structure for metallic
Ag film on glass. P is the period of the nanodisks, d represents the
thickness of the ultrathin Ag films, L is the diameter of the nanodisks,
and the ratio r  L∕P is 0.5. (b) SEM image for 40 nm thick Ag
nanodisks with a period of 290 nm. The scale bar is 200 nm.
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Fig. 2. (a) Optical micrographs. (b) CIE1931 chromaticity diagrams overlaid with points corresponding to the simulated transmission spectra
colors for 40 nm thick Ag nanodisks with periods P  140, 170, 180, 210, 240, 260, 290, 310, and 320 nm and r  0.5 under white light
illumination.

x  X ∕X  Y  Z ;

(5)

y  Y ∕X  Y  Z ;

(6)

where βλ is the transmission spectra, Pλ is the spectra of
source, and x̄λ, ȳλ, and z̄λ represent tristimulus values.
The value of λ is from 400 to 750 nm in a step of 1 nm here,
and (x, y) is the chromaticity coordinate for a given transmission spectra.
In Fig. 2(b), the point marked with a triangle stands for the
chromaticity coordinates of Ag nanodisks with 140 nm period,
and the arc arrow in Fig. 2(b) shows the trend of chromaticity
coordinates by changing periods from 140 to 320 nm. The simulated results are in good agreement with the observed colors
in Fig. 2(a). Figure 3(a) shows the simulated transmission spectra of the 40 nm thick Ag nanodisks with P from 140 to
360 nm in steps of 10 nm. The transmission minimum exhibits
a redshift with increasing periods. Figure 3(b) shows the simulated transmission spectra of nanodisks with P  290, 310,
and 320 nm and r  0.5 for 40 nm Ag film and Fig. 3(c) shows
the measured transmission spectra of nanodisks with P  290,
310, and 320 nm and r  0.5 for 40 nm Ag film obtained
under a normally incident and unpolarized white light
illumination with an 80 μm sized light spot. The simulated
transmission spectrum shows reasonable agreement with the
experiment, although the spectrum was measured in a wavelength span starting from 500 nm due to the limitation of
our optical setup. The influence of light with other polarization
angles could be the reason for the difference between the measured transmission spectrum and the simulated one. From the
measured transmission spectrum, it is found that ultrathin Ag
nanodisk arrays can exhibit high transmission efficiency of up
to 70%.

To dig further into the physical origin for the ELT phenomenon observed here, a 2D transmission spectrum map
for 40 nm thick Ag nanodisks as a function of period and
incident wavelength is plotted in Fig. 4(a), together with the
contributions of short-range surface plasmon polaritons
(SRSPPs, solid white line) and localized surface plasmon

Fig. 3. (a) Transmission spectra of nanodisks with r  0.5 and P
ranging from 140 to 360 nm in steps of 10 nm for 40 nm Ag film. The
transmission minimum clearly exhibits a redshift with increasing
period. (b) Simulated transmission spectra of nanodisks with r 
0.5 and P  290, 310, and 320 nm for 40 nm Ag film. (c) Measured
transmission spectra of nanodisks with r  0.5 and P  290, 310,
and 320 nm for 40 nm Ag film obtained by a system with an
80 μm sized light spot under normal incidence unpolarized white light
illumination.

polaritons (LSPPs, dashed white line). The resonance wavelength of SRSPPs was calculated by the analytical dispersion
relations for ultrathin Ag films patterned with periodic nanostructures [29]:
tanhk 2 d εd 1 εd 2 k22  ε2m k 1 k 3   εm k2 εd 1 k3  εd 2 k1   0;
(7)
where
k21  k 2spp − εd 1 k 20 ;

(8)

k 22  k2spp − εm k20 ;

(9)

k23  k2spp − εd 2 k20 :

(10)

Here, d is the thickness of the metal film. εd 1 and εd 2 are dielectric constants of air and glass, respectively, and εm represents
the dielectric constant of ultrathin Ag film. In addition,
k spp  k 0 sin θ  nG x  mG y ;

(11)

G x  G y  2π∕P:

(12)

where
Here, P is the period of the nanodisk array, m is an integer, and
θ is the incident angle. For normal incidence (θ  0°), the
dispersion relation of the SRSPP mode was obtained by
substituting Eqs. (8)–(12) into Eq. (7).

The resonance wavelength of the LSPPs was obtained by
simulation for a single Ag nanodisk with the same size as that
of the nanodisk array. It is found that the low-transmission band
and the contributions of SRSPPs and LSPPs have a similar
dependence on the period, i.e., they shift to longer wavelengths
with increasing period. Obviously, LSPPs fit to the transmission
dip of the nanodisk array well, indicating that LSPPs could be
the major contribution to the observed ELT phenomenon for
the Ag nanodisk array. This is quite different from the Ag nanograting array, for which both SRSPPs and LSPPs contribute to
the ELT phenomenon as mentioned in Ref. [18]. Furthermore,
2D maps of reflection and absorption are also given in Figs. 4(b)
and 4(c), together with the SRSPP and LSPP resonance wavelengths plotted in solid and dashed white lines, respectively.
Figures 4(a)–4(c) show that the transmission minimum is
primarily attributed to enhanced absorption and reflection in
the Ag nanodisk array. For periods smaller than about 250 nm,
the transmission minimum is mainly linked with the enhanced
absorption whereas, for periods greater than 250 nm, the enhanced reflection is the main factor. To further characterize the
electromagnetic modes at the resonance wavelength, we calculated the electric field distributions for Ag nanodisks with a
290 nm period at a resonance wavelength of 596 nm in
Fig. 4(d), and indeed found excitation of LSPPs.
In conclusion, TE/TM polarization-independent plasmonic
subtractive color filters with small feature size (below 200 nm)
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and high transmission (up to 70%) in the visible spectral region
were successfully demonstrated by employing extraordinarily
low transmission phenomena in two-dimensional ultrathin
Ag nanodisks. The dependence of color-filtering behaviors
on thickness and period of nanodisks have been systematically
investigated. It is found that color-filtering behaviors strongly
correlate with the thickness and period of nanodisks. The localized surface plasmon polaritons, rather than short-range surface
plasmon polaritons, could be the key factor in the extraordinarily low transmission phenomenon in this scheme. The obtained results are significant for designing plasmonic subtractive
color filters by selecting appropriate geometric parameters for
Ag nanodisks. The proposed TE/TM polarization-independent
plasmonic color filters with small feature size and high transmission over visible spectral band are promising for digital
imaging, information storage, and sensing.
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