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Since it was first discovered that enhanced optical transmission can occur through 
periodic arrays of holes with sub-wavelength dimensions formed in optically-thick metallic films, many 
potential applications have been conceived. These include, for example, wavelength filters, light extraction 
from light emitting diodes, and sub-wavelength photolithography. In the present study, this phenomenon was 
utilized to fabricate color filters consisting of periodic arrays of sub-wavelength holes and slits in aluminum 
films. The optical properties of the different metamaterials were experimentally evaluated, and the results 
were compared to those obtained from calculations using the finite difference time domain method. In the 
case of a hexagonal array of circular nanoholes, the transmittance showed no dependence on the polarization 
direction of the incident light. Thus, by suitable choice of the hole size and the lattice periodicity, these 
metamaterials could be made to act as polarization-independent red-green-blue color filters. In contrast, 
for an aluminum film containing a nanoslit pattern, the transmittance was strongly polarization dependent. 
When the incident light was polarized parallel to the slit length, the highest transmittance occurred at 
shorter wavelengths. The opposite effect was observed for light polarized perpendicular to the slit length, 
where high transmittance occurred at longer wavelengths, and significant absorption took place at shorter 
wavelengths. This is different to the behavior of wire-grid polarizers at infrared wavelengths, and is most 
likely the result of surface plasmon resonance and extraordinary diffraction. In addition to allowing simple 
device fabrication, the use of an aluminum film enables excitation of surface plasmons in the visible region 
due to its high plasma frequency.
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1. Introduction

Since it was first reported that enhanced optical 
transmission could occur in metamaterials consisting 
of optically-thick metallic films with sub-wavelength 
holes or slits, there has been a great deal of interest 
in the interaction of light with surface plasmons.(1-4) 
Such metamaterials have a wide range of potential 
applications, including wavelength filters, light extraction 
from light emitting diodes, and sub-wavelength 
photolithography.

A particular goal of the present research is the 
development of optical sensors for use in automotive 
applications, where high reliability and durability are 
required. In this regard, metallic color filters are superior 
to dye filters. Such metallic filters can be realized by 
exploiting extraordinary optical transmission through 
periodic sub-wavelength apertures in metal films. This 

phenomenon has already been reported for periodic 
hole arrays in gold and silver films.(1-4) Our research has 
focused on aluminum (Al), since in addition to being 
lower in cost and easier to process, it exhibits lower 
optical losses at wavelengths of 400 to 500 nm, because 
its plasma frequency is higher than that of gold or silver. 
The latter consideration makes Al particularly suitable 
for blue optical filters, and in fact, we have already 
demonstrated an Al-based red-green-blue (RGB) color 
filter.(5-8)

In many types of applications, filters whose 
transmittance depends on the polarization of the 
incident light are commonly used. It should also be 
possible to fabricate such polarizing filters using metal 
films containing slit patterns. It has been theoretically 
predicted that Fano-type interference should occur 
in thin metal films containing nanoslits,(9-12) and this 
has in fact been confirmed at red wavelengths for a 
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nanoslit array in a silver film.(13) However, there has 
been no experimental validation of such an effect 
in the blue region. Since this would be necessary in 
order to realize a broad-spectrum polarizing filter, the 
present study also considered the effects of a nanoslit 
array in an Al film on the transmittance of light with 
different polarizations.

Both hole and slit patterns were fabricated in Al 
films, and their optical properties were experimentally 
evaluated. The results were compared with those 
obtained from calculations using the finite difference 
time domain (FDTD) method.

2.  Light Transmission through Hole and Slit Arrays

2. 1  Hole Arrays

When light passed through a hole in a metal, it can 
couple with guided modes or surface-plasmon (SP) 
modes on the metal surface, as shown in Fig. 1. For 
guided modes, the light energy is confined within the 
space between the metal walls, and wavelengths longer 
than a certain cutoff wavelength are not transmitted 
through the hole. For the case when the metal is a 
perfect conductor and the hole is a vacuum, this cutoff 
wavelength corresponds to half the hole width. In 
contrast, since SPs represent electron oscillations, 
and can pass along the inner wall under resonance 
conditions, light coupled to SPs can propagate through 
the hole, even if the wavelength is longer than the 
cutoff wavelength.(1-4)

Based on this concept, the transmittance spectra for 
hole arrays in Al films were calculated using the FDTD 
method. The model used for the calculation is shown in 
Fig. 2. It considers an Al film containing a hexagonal 
lattice of circular holes with a diameter d, and a unit 

cell spacing of a=2d, covered by a passivating SiO2 
layer. Figure 3 shows the calculated transmittance 
spectra for hole diameters of 210, 170 and 150 nm, 
which yield strong transmission in the red, blue and 
green regions, respectively. The spectra are calculated 
for the two different polarization angles shown in 
the inset. It can be seen that transmission occurs at 
wavelengths greater than twice the hole diameter, and 
that there is almost no dependence on the polarization 
direction.

In the spectrum for the red filter in Fig. 3, more 
than one peak is observed. To investigate the origin 
of the additional peaks, calculations were performed 
for different ratios of the hole radius to the lattice 
constant, and the results are shown in Fig. 4.  When 
the r/a ratio is 0.4, three clearly separated peaks at 434, 
580 and 657 nm are observed in Fig. 4(a). For these 
peak wavelengths, the light intensity distributions 
in the holes at the quartz substrate surface were 
calculated, and are shown in Figs. 4(b), 4(c) and 4(d), 
respectively. Since in Fig. 4(d), the light intensity is 
largest at the hole edge, it can be assumed that this 
corresponds to an SP mode. In contrast, since most 
of the light intensity is near the center of the hole 
in Fig. 4(c), the fundamental guided mode can be 

Fig. 1	 Diagrammatic representation of the processes 
responsible for the behavior of the transmission 
properties. (a) Perfect conductor model. (b) SP mode.

Fig. 3	 Polarization dependence of the transmission 
spectra of aluminum color filters with circular 
holes ( calculated  result).

Fig. 2	 Numerical calculation model of Al color filter with 
hole-array.
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assumed.(18) Finally, the intensity distribution in 
Fig. 4(b) is thought to be associated with the second 
guided mode. As can be seen in Fig. 4(a), as the r/a 
ratio is varied, the position of each peak changes, as 
indicated by the dashed lines. It is considered that the 
longest-wavelength peak is the result of the SP mode 
and the second-longest-wavelength peak is the result 
of the fundamental guided mode. 

2. 2  Nanoslit Array

Similar FDTD calculations were carried out using 
the Al nanoslit model shown in Fig. 5, and the resulting 
transmittance spectra are shown in Fig. 6 for two 

different polarizations. The direction parallel to the slit 
length is defined as 0°, and corresponds to the TE mode. 
The direction perpendicular to the slit length is defined 
as 90°, and corresponds to the TM mode. From Fig. 6, 
it can be seen that for the TE mode, high transmittance 
occurs at wavelengths of less than 500 nm. In contrast, 
for the TM mode, high transmittance occurs above 
600 nm, and two strong absorption dips appear at 420 
and 480 nm. This differs from the behavior reported 
for wire-grid polarizers.(14) Whereas the TM mode was 
strongly transmitted at all wavelengths, the TE mode 
was preferentially transmitted at shorter wavelengths, 
and only a single dip was found at longer wavelengths. 

For the nanoslit array, the effect of the polarization 
on the transmittance can be understand by considering 
the fundamental guided mode(15,16) and SP modes, 
as illustrated in Fig. 1. The TE mode cannot couple 
with an SP mode because the electric field of an SP 
mode must be perpendicular to the metal surface. 
Consequently, TM-mode transmission must occur by 
coupling with a guided mode. This hypothesis was 
tested by calculating the electric field distribution 
for the TE and TM modes at 420, 460 and 700 nm. 
Figures 7(a), 7(b) and 7(c) show the results for the 
TE mode. In each case, the electric field intensity is 
strongest at the center of the slit, indicating coupling 
with the fundamental guided mode. This explains the 
cutoff that occurs at long wavelengths.

Figures 7(d), 7(e) and 7(f) show the results for 
the TM mode. In Fig. 7(d) and 7(e), the intensity is 
strong at the metal side surfaces, indicating coupling 

Fig. 5	 Cross-sectional view of aluminum filter with 
nanoslits.

Fig. 4	 (a) Transmission spectra of aluminum color filters 
with circular holes arranged on a hexagonal lattice 
(calculation result). Intensity profiles of light at 

		  (b) 434 nm, (c) 580 nm and (d) 657 nm, respectively.

Fig. 6	 Polarization dependence of the transmission 
spectra of aluminum filters with nanoslits. The 
widths of the slits is 225 nm. (calculated result).
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with an SP mode. A dip in the transmission spectrum 
of the TM mode is observed at 420 nm, which is not 
observed in the case of wire-grid arrays in the infrared 
region.(13) It is considered that this dip is associated 
with absorption due to a unique SP resonance, and 
has a different origin to the dip at 460 nm. Figure 8 
shows calculated transmittance spectra for Al slits 
with various thicknesses of SiO2. It can be seen that 
whereas the dip at 420 nm shifts to lower wavelength 
as the SiO2 thickness decreases, the dip at 460 nm does 
not. In addition, although an SP mode can be seen 
inside the gap in Fig. 7(d) at 420 nm, this is not the 

case in Fig. 7(e) at 460 nm. These results suggest that 
the dip at 420 nm is due to an SP resonance that travels 
around the Al metal lines, whereas that at 460 nm is 
associated with anomalous diffraction determined by 
the periodicity of the line-and-space pattern. 

The existence of both a direct guided mode and a 
pathway associated with coupled SP resonance and 
anomalous diffraction, leads to Fano-type interference.(9) 

3. Experimental Procedure

3. 1 Fabrication Process

The following procedure was used to fabricate the 
Al nanohole arrays in the present study. A 150-nm-thick 
Al film was first formed by evaporation on a quartz 
substrate. A 100-nm-thick SiO2 film was then 
deposited using plasma chemical vapor deposition 
(PD-220NL, SAMCO). An electron beam lithography 
system (ELS-7000, ELIONIX) was used to 
expose a 600 μm × 600 μm region of the SiO2, and 
a resist pattern was formed by reactive ion etching 
(RIE-200NL, SAMCO) with CHF3. The SiO2 pattern 
was then used as a mask to etch a hole-array pattern 
in the Al film by reactive ion etching (RIE-100iPH, 
SAMCO) with Cl2. The resist mask was removed 
by O2 plasma ashing. A uniform SiO2 film was 
subsequently deposited on the sidewalls of the holes. 
This is because SP coupling is most efficient when the 
SP mode frequencies and dielectric constants are the 
same on opposite sides of the holes. Circular, square 
and triangular holes were fabricated in square and 
hexagonal lattice arrangements. The diameter of the 
circular holes, and the side lengths of the rectangular 
and triangular holes, was varied from 100 to 350 
nm, and the lattice periodicity was always twice this 
value. Figure 9 shows plan-view scanning electron 

Fig. 7	 Electric field profiles of the TE mode at wavelengths 
of (a) 420 nm, (b) 460 nm, and (c) 700 nm, and 
those of the TM mode at wavelengths of (d) 420 
nm, (e) 460 nm, and (f) 700 nm (calculated result).

Fig. 8	 Transmission spectra of the TM mode for aluminum 
slits with three different thicknesses of SiO2. The 
solid curve is for a thickness of 25 nm; the dashed 
curve for 50 nm; the dashed-dotted line for 75 nm. 
(d) corresponds to Fig. 7(d). (e) corresponds to 

		  Fig. 7(e).
Fig. 9	 SEM image of aluminum color filter with 
		  (a) circular holes (b) triangular shaped holes.
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microscopy (SEM) images of circular and triangular 
holes.

A similar fabrication process was used for the Al 
nanoslits. Figure 5 shows a schematic of the nanoslit 
structure. Again, a final SiO2 film was deposited in 
order to match the SP modes on either side of the slits 
and to prevent oxidation. The width, period and height 
of the slits were 225, 325 and 200 nm, respectively. 
Figure 10 shows a plan-view SEM image of the slit 
array. Because the Al lines had a high aspect ratio and 
easily fell over, Al crossbeams were used to provide 
support. The FDTD method was used to determine 
an appropriate crossbeam spacing in order to avoid 
detrimental effects on the optical properties, and the 
final spacing chosen was 5 μm.

3. 2  Measurements

To measure the optical transmittance spectra, 
the samples were placed on the stage of an optical 
microscope (NIKON, X2F-UNR), and illuminated 
using a polarized white light source. The transmitted 
light was sent to a spectrometer (PMA-11, Hamamatsu 
Photonics) using an optical fiber. The incident and 
transmitted beam directions were along the sample 
surface normal. 

4. Results and Discussion

4. 1  Hole Arrays
 
Figure 11 shows transmission optical micrographs 

for the four different hole patterns shown in the SEM 
images in the insets. The scale on the right-hand 
side shows the lattice periodicity. Since the incident 

illumination is white light, it is clear from this figure 
that effective color filtering can be achieved.

Figure 12 shows an optical micrograph obtained 
using a filter containing patterned regions of triangular 
holes with sides of 210, 170 and 150 nm for red, green 
and blue, respectively. Despite the fact that the 
side lengths are shorter than the wavelength of the 
visible light, the light has successfully penetrated the 
Al film. A blue color can be observed over an area of 
150 μm × 150 μm. 

Transmittance spectra for RGB color filters with 

Fig. 10	 SEM image of aluminum filter with nanoslits. 

Fig. 11	 Optical microscope images of aluminum color 
filters with (a) circular holes arranged on a 
hexagonal lattice, (b) triangular shaped holes, 

		  (c) circular holes arranged on a square lattice, 
and (d) square holes. The numbers beside the 
photographs give the period of the arrays in 
nanometer.

Fig. 12	 Optical microscope image of aluminum color filter 
with triangular shaped holes.
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triangular and circular holes are shown in Fig. 13. 
It can be seen that, although higher transmittance is 
achieved with the circular holes, the bands are more 
narrow for the triangular holes. Since a narrower 
bandwidth is considered to be more important, the 
filter with the triangular holes is superior. 

Figure 14 shows the polarization dependence of 
the transmittance spectra for filters with circular 
holes with a diameter of 210, 170 and 150 nm in a 
hexagonal lattice. The solid and dashed lines indicate 
a polarization of 0° and 30°, respectively. It can clearly 
be seen that there is no dependence on the polarization 
angle, which is consistent with the calculation results 
shown in Fig. 3.

4. 2  Nanoslits

Figure 15 shows optical micrographs of light 
transmitted through the filter with the slit pattern in 

Fig. 5. The filter is illuminated with white light with 
different polarization angles, and the color of the 
transmitted light clearly varies with polarization 
angle. For a polarization of 0° (TE mode), it appears 
blue, whereas for a polarization of 90° (TM mode), it 
appears orange.

Figure 16 shows transmittance spectra for this filter 
for different polarization angles. At long wavelengths, 
the filter behaves in a similar manner to a wire-grid 
array, in that the TE mode is absorbed, but the TM 
mode is not. However, different behavior is seen in the 
short wavelength region. For the TM mode, two dips 
appear at 420 and 460 nm, which is consistent with the 
calculation results shown in Fig. 6. Thus, the nanoslit 
array acts as a low-pass filter for the TE mode, and a 

Fig. 14	 Polarization dependence of transmission spectra of 
RGB color filters with circular holes (experimental 
result).

Fig. 13	 Transmission spectra of RGB color filters with 
triangular holes (solid line) and round holes (solid 
line).

Fig. 16	 Polarization dependence of the transmission spectra 
of aluminum filters with nanoslits. The width of the 
slits is 225 nm. (experimental result).

Fig. 15	 Optical microscope images of aluminum filters 
with nanoslits. The width of the slits is 225 nm. 
The direction of polarization in (a) is parallel to the 
slits (we define this angle as 0°). The direction of 
polarization in (b) is tilted at 30°, in (c) at 60°, and 
in (d) at 90°.
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high-pass filter for the TM mode.
Although there is generally good qualitative 

agreement between the experimental and calculation 
results, the experimental transmittance is generally 
lower. This is considered to be due to the surface 
roughness on the SiO2 passivation layer. The SP and 
guided modes are both sensitive to such roughness, 
which causes scattering and reduces the transmittance. 

5. Summary

The optical properties of arrays of nanoholes and 
nanoslits in Al films were investigated both numerically 
and experimentally. The choice of Al was based on 
its low cost and ease of processing, in addition to the 
fact that it has a higher plasma frequency than gold or 
silver, leading to lower optical losses at wavelengths 
of 400 to 500 nm. For a hexagonal array of circular 
holes, the transmittance was found to be independent 
of the polarization of the incident light. By suitable 
choice of hole size and lattice periodicity, the arrays 
could be made to act as filters over the entire visible 
region. In the blue region, the effects of SP mode 
coupling and extraordinary diffraction were clearly 
evident. For the nanoslit filter, the transmittance was 
strongly dependent on the polarization of the incident 
light, and it acted as a low-pass filter for the TE mode, 
and a high-pass filters for the TM mode. This behavior 
was explained in terms of Fano-type interference.
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Figs. 3, 4, 9 and 11-14
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