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In this letter, we propose and experimentally demonstrate a color filter based on an annular

aperture geometry working in the visible range. The device is built by configuring an array of

annular apertures in a gold film suitable for transmission measurement. We show effective fine

tuning of resonance peaks through precise geometric control of the aperture dimensions. Selective

transmission through annular apertures of various sizes leads to continuous color tuning of

transmitted electromagnetic waves. This may find potential for application in high-definition

displays, optical filters, ultrafast switching, and bio-sensing. VC 2011 American Institute of Physics.

[doi:10.1063/1.3608147]

Annular aperture arrays (AAAs) have generated exten-

sive interest in the last decade because of their potential as

an important canditate for ultracompact optical devices, after

the extraordinary optical transmission (EOT) properties of

such geometries were first reported by Baida and co-

workers.1 Early investigations of guiding light of wave-

lengths much larger than the waveguide aperture dimensions

using AAAs have shown several interesting phenomena and

peculiar optical properties.2–12 For example, the cutoff wave-

length of a guided mode can be effectively shifted to longer

wavelengths when the outer and inner radii are approaching

each other.6 Additionally, the low group velocity of the fun-

damental mode leads to important applications when materi-

als with high electro-optic coefficients (lithium niobate, for

instance) are employed in the AAA design.13 Moreover,

such coaxial structures can find application in composing

single layer metamaterials in the visible range.14–16

Very high (up to 90%) transmission through AAAs has

previously been achieved at visible frequencies (using AAAs

fabricated in a silver film17) and this property, combined

with the fact that the optical response of AAAs is also insen-

sitive to the incident angle,18,19 makes the AAA structure a

perfect candidate for high efficiency display and filtering

devices. Here, we propose a simple yet effective method to

filter individual colors using AAA-based geometries. Fabri-

cation of apertures with features as small as 25 nm that show

efficient color-filter functionality is demonstrated. An effec-

tive wavelength selecting function with AAAs that can be

operated across the whole visible band and tuning of trans-

mission resonance via structural control are also demon-

strated. The optical response of the fabricated devices can be

precisely tailored by shaping the aperture gap width, leading

to opportunities for nanophotonics and optics.

A two dimensional AAA structure usually has at least

two transmission peaks, as reported by different groups under

different designs.1–6,10–12 The transmission peaks are caused

by cylindrical surface plasmons (CSPs) and planar surface

plasmons (PSPs),8,10–12 respectively. CSPs are affected by the

geometrical design and the thickness of the metal film, while

PSPs are mainly related to the periods of two dimensional

gratings fabricated therein. The resonance peaks are a direct

result of Fabry-Pérot resonances in a cylindrical resonance

cavity formed by a metal film with finite thickness and two

end-faces. For a finite metal film with thickness l, the design

of the desired transmission peaks can be estimated by the fol-

lowing equation20

l ¼ mp� u
b

(1)

where l is the thickness of the metal film, m is the order of

the Fabry-Pérot resonance, and u and b represent phase of

reflection and propagation constant, respectively. For the

case where l is constant, the propagation constant b varies

with different annular aperture sizes and affects the reflection

and transmission of the designed structure. Detailed discus-

sion and analytical solutions of u and b can be found

elsewhere.20

In our case, the target is to design a color filter which

allows the transmission of a selected wavelength in the visi-

ble range for applications of true color or high-definition dis-

plays. Therefore, a metal film with fixed thickness is

preferred. The periods of the two dimensional gratings also

play an important role affecting the selective transmission.

The enhanced transmission caused by two dimensional struc-

tures can be estimated as1

k ¼ pxpyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2p2

y þ j2p2
x

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
emed

em þ ed

r
(2)

where px and py are periods of annular apertures along the x

and y directions, respectively, em and ed represent the permit-

tivities of metal and dielectric, and i and j are integers. The
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position of the transmission peaks caused by PSPs is deter-

mined by the periods of the two dimensional gratings. Thus,

it can be artificially tuned by changing the periods of the gra-

tings. In our case, multiple transmission peaks within the

visible range will degrade the performance of the color selec-

tor. We try to minimize this effect by increasing the periods

of the two-dimensional gratings so that the resonance peaks

can be moved out of the visible range. With fixed metal

thickness and grating periods, our color selector is achieved

by tuning the gaps of the AAAs only.

Figure 1 shows a schematic representation of the fabri-

cated elements and measurement system in this work. Using

electron-beam evaporation, a 160 nm thick Au film over a 6

nm Ti adhesion layer was first deposited on a quartz substrate.

Then, arrays of coaxial rings were milled using focused ion

beam (FIB) etching. Each array comprises 9� 9 rings occu-

pying an area of �10� 10 lm2. The inner radii of the coaxial

rings are fixed to 200 nm while the outer radii change from

225 nm to 270 nm in steps of 15 nm (corresponding to a 25-

70 nm gap width). Measurements of the transmission proper-

ties of the fabricated nanostructures were carried out using a

UV-Vis-NIR microspectrometer (CRAIC QDI 2010) at nor-

mal incidence. A 75 W broadband xenon lamp was used as

an unpolarized white light source. Transmission measure-

ments were normalized with respect to a bare quartz sub-

strate. Figures 2(a) and 2(b) show scanning electron

microscope (SEM) images of a fabricated AAA, and a single

aperture (gap width equal to 25 nm) with a much higher mag-

nification, respectively. Figure 2(c) plots the measured trans-

mission spectra of the coaxial structures with gap widths of

25, 40, 55, and 70 nm. One can see that when the gap width

is 70 nm, a broad resonance can be observed which is cen-

tered at �590 nm. After the gap is narrowed to 55 nm, the

transmission peak shifts to around 650 nm in the spectrum.

Further reducing the gap width to 40 and 25 nm, additional

red shifts can be observed and resonance peaks are located at

�680 nm and 710 nm in the spectrum, respectively. Note that

the tuning of transmission peaks was realized via controlling

the gap width of the ring apertures instead of the periodicity

(fixed to 1200 nm) of the arrays. The transmission character-

istics are mainly determined by the CSP modes inside each

gap cavity rather than by the periodicity.

To further investigate the underlying physical principles

related to the annular apertures, we carried out FDTD simu-

lations to investigate the theoretical performance of the

structures. The dispersion model of gold was based on the

Johnson and Christy model21 in the material library of the

software. The dimension of the simulation area was 2.4

lm� 2.4 lm� 1 lm, which allowed two periods of the ring

structure in x-y plane and enough space for the light source

and power monitors. We applied periodic boundary condi-

tions for the x and y directions and perfectly matched layer

(PML) boundary conditions for the z direction. Polarized

Gaussian beams were used as the light source with the polar-

ization direction along the x axis. A power monitor was

located 300 nm above the Au film to collect any transmission

modes reaching the output region. The calculated transmis-

sion spectra are shown in Fig. 2(d). The position of the reso-

nance peaks strongly depends on the diameter values, and

similar results have been observed and discussed in Refs. 6

and 11. Redshift of the resonance peaks can also be observed

when decreasing the gap width. Note that the simulated

transmission curves here are normalized to clearly show the

shift trend of the transmission peaks. Compared to the meas-

ured spectra, the slightly smaller spectral width and red shift

of the peak wavelength kmax observed in the simulations are

due to the difference between the idealized features used in

the simulations and imperfect structures of fabricated ele-

ments for testing, e.g., rough surfaces and tapered sidewalls

caused by redeposition during FIB milling.

The calculated electric field distributions are presented

in Fig. 3. Strong confinement of light in the nanoring cavity

is obvious, corresponding to the TE11 mode demonstrated in

previous work.4,6 Top and cross-sectional views of the ring

with 55 nm gap width at transmission maximum (k¼ 740

nm) and transmission minimum (k¼ 600 nm) confirm that

the selective transmission is caused by the resonant ring cav-

ities with various gap sizes.

In order to further tune the transmission response and

finally filter individual colors out, AAAs with 40 nm

FIG. 1. (Color online) Schematic drawing of the proposed color filter work-

ing under transmission measurement.

FIG. 2. (Color online) SEM images showing (a) overview of a fabricated

9� 9 AAA and (b) magnified view of a single ring with 25 nm gap width.

(c) Measured and (d) simulated transmission spectra of AAAs as a function

of gap width. Simulated spectra are normalized for clarity. The apertures

have fixed inner radius at 200 nm and varying outer radii from 225 nm to

270 nm in steps of 15 nm. The arrow in (c) indicates decreasing gap width.

Inset of (d), magnified peak tops with 700-800 nm wavelength range to

show the shift more clearly.
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increments were milled in another sample with significantly

increased gap widths. SEM images of the fabricated struc-

tures are shown in Figs. 4(a)–4(d). Using 40-, 80-, 120-, and

160-nm-wide ring apertures, colors of red, yellow, blue, and

cyan, respectively, are clearly observed in Fig. 4(e). As plot-

ted in Fig. 4(f), resonances occur at different wavelengths

when varying the gap widths; peaks gradually shift to longer

wavelengths as the rings are narrowed. The relatively weak

intensity is mainly caused by high loss and attenuation over

a long propagation distance (160 nm Au with 6 nm Ti in this

work). For arrays with 160 nm and 120 nm gaps, the trans-

mission peaks are located at about 480 nm and 500 nm, giv-

ing cyan and blue colors, respectively. When the gap

aperture is narrowed down to 80 nm, the peak shifts to �600

nm, exhibiting a yellow color. More light at around 680 nm

is transmitted when the gap is further narrowed to only 40

nm, which results in a red color. A similar trend has been

observed in Fig. 2: a blue shift of the transmission peaks

occurs with increasing sizes of the annular aperture.

In summary, we have demonstrated tuning of the trans-

mission resonance at visible frequencies using AAAs in a

gold film. The optical response of a broadband light source

through coaxial rings is wavelength-selective and accurate

control can be achieved to filter individual colors out. FDTD

calculations confirm the resonance dependence of selective

transmission on gap width. Using AAAs, fine tuning of opti-

cal response through structural control and a color filtering

function under transmission mode can be readily realized,

opening up opportunities for sensing and integrated optics.
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FIG. 3. (Color online) Top panel: top view and bottom panel: cross sec-

tional view showing the electric intensity distribution of a single ring with

55 nm gap width illuminated at 740 nm (kmax) and 600 nm (kmin).

FIG. 4. (Color online) SEM images of the fabricated AAAs with (a) 40 nm,

(b) 80 nm, (c) 120 nm, and (d) 160 nm gap width (outer radii equal to 240

nm, 280 nm, 320 nm, and 360 nm with 200 nm fixed inner radius). Scale

bars are 200 nm. (e) Corresponding optical image presenting different col-

ors. (f) Measured transmission spectra of the AAAs with different color out-

puts shown in (e).
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