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Compact Transreflective Color Filters and Polarizers
by Bilayer Metallic Nanowire Gratings
on Flexible Substrates
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Abstract—An integrated transmitted polarizer and reflective
color filters with structure of bilayer metallic nanowire grating on
a flexible polyethylene terephthalate substrate was demonstrated
by theory, experiment, and numerical simulation. Two Kkinds of
waveguide resonances, which led to the comprehensive characters,
were analyzed. The slits in the bilayer metallic grating permit the
transmission of TM light (transverse magnetic field) in surface
plasmon waveguide mode and prohibit the propagating of TE light
(transverse electric field) with wavelengths larger than cutoff value
to obtain polarization effect. The lateral guiding mode resonances
on the interfaces of the metallic/substrate or metallic/air excite sur-
face plasmon waves with certain wavelengths, which makes a single
peak in the reflection spectrum of TM light and dips in transmis-
sion for color filtering effect of TM light. The experimental results
and theoretical analyses are in good agreement. This new bilayer
structure featured with nonabsorption, integrated functions and
simple fabrication has a great potential in power saving and thick-
ness reduction for display devices.

Index Terms—Color filter, metallic nanowire, polarizer, surface
plasmon.

1. INTRODUCTION

URFACE plasmon, electromagnetic wave resonance at

metal surface with free electrons, are attractive due to
their enhanced local intensity, small dimensions, and the abil-
ity to manipulate photons efficiently, which have been active
research topics in sensors [1], light emitting diodes [2], and
optical waveguides [3].

In displays, polarizers and color filters are the two key el-
ements [4] in low optical efficiency, due to the fact that the
conventional ones are of absorptive, which, respectively, only
allows 50% and 33% of the incident light to pass and absorb
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the rest. In order to reduce the power consumption, reflective
devices that permitting specific light to pass and reflecting other-
wise absorptive one for recycle were proposed [5], [6]. Among
those devices, metallic nanowire gratings are one of the most
promising candidates. It is revealed that the polarization func-
tion of subwavelength metallic grating (SWMG) owns to the
surface plasmon waveguide resonance (SPWR) inside the metal
openings [7]. By setting circular or straight gratings near holes
or slits in the metal, due to the grating diffraction coupling, the
TM transmission is enhanced [8]. When the SWMG is cov-
ered with a suitable dielectric, band pass color filtering can be
yielded [9]. The plasmonic color filter for CMOS imaging sen-
sor was reported [10]. The incident angle independent reflective
color filter has been studied [11] as well. Furthermore, the feasi-
bility of combining the polarizing and filtering functions using
just single SWMG was discussed [12] and the fabrication of
SWMGs on flexible substrates using nanoimprinting was re-
ported recently [13].

In this study, a new bilayer metallic nanowire grating on a
flexible PET substrate was fabricated, measured, and analyzed.
The TM transmission is much higher than that of TE light.
There are dips in the TM transmission; the reflected TM light
has a single peak and most of the TE light is reflected. The op-
tical mechanism of SPWR is revealed. It provides a convenient
and effective means of achieving the polarizing and filtering
functions simultaneously. The optical device can be made by a
simple fabrication processing without the need of lift-off [14]
process on a flexible substrate.

II. BASIC THEORY AND GRATING STRUCTURE

A schematic of the bilayer metallic nanowire grating is plot-
ted in Fig. 1, where the structure parameters are labeled as
well. There are two kinds of waveguide resonances in the
metallic gratings: 1) The excitation and coupling of longitu-
dinal slit waveguide modes [15] of aluminum-air-aluminum
and aluminum-dielectric-aluminum (SWM-Al/Air/Al and
SWM-AI/Di/Al in Fig. 1) which permit the transmission of TM
light by surface plasmon mode and suppress that of TE light due
to the cutoff of guiding mode. 2) The grating induced lateral sur-
face plasmon resonances (SPR) on the aluminum/substrate and
aluminum/air interfaces (SPR-Al/Substrate and SPR-Al/Air in
Fig. 1) which induce dips in the transmission and peaks in the
reflection spectra [16].

The metallic gratings can be fabricated by nanoimprinting
[17], electron beam lithography [18], and laser interfere
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Fig. 1.

Schematic of the bilayer metallic nanowire grating and the waveguide resonances therein. Grating-MA: the grating with metal and air. Grating-MD:

the grating with metal and dielectric. SPR-Al/Air: the grating-induced lateral surface plasmon resonance on the aluminum/air interface. SPR-Al/Substrate: the
grating-induced lateral SPR on the aluminum/substrate interface. SWM-Al/Air/Al: the waveguide modes of the aluminum-air-aluminum slit. SWM-AI/Di/Al: the
waveguide modes of the aluminum-dielectric-aluminum slit. The permittivity e, = 2.25, ¢; = 2.25, ¢, , and g9 = 1 are of plastic substrate, Allresist Photoresist
(ARP) dielectric, aluminum, and air, respectively. The height of the aluminum layer 1 = 70 nm, the height of the dielectric layer ho = 150 nm, the pitch 7' =

460 nm, the width of metal, and dielectric t; = to = T/2.

lithography [19]. The laser interference lithography is featured
with simple process, high throughput, and low cost. In this
study, a dielectric (ARP3500-6, Allresisit GmbH) grating with
period 7' = 460 nm and depth hy about 150 nm was fabricated
by two beam laser interference using a He—Cd laser (442 nm,
KIMMON) with a cross angle of 32° on a PET substrate. Then,
an aluminum film of thickness h; = 70 nm was deposited on
the grating using E-beam depositor (ei-5z), which cloned the
profile of the dielectric grating automatically. Thus, a bilayer
metallic grating was obtained. The optical photographs of the
sample are shown in Fig. 2(a), where, from left to right, the first
three photographs are diffraction under different observation
angles with red, yellow, and green color; the fourth was taken
by bending the substrate. The scanning electronic microscopy
(SEM) image of the top view and the atomic force microscopy
(AFM) image of a typical fabricated metallic grating are shown
in Fig. 2(b) and (c), respectively. Fig 2(c) reveals that the height
difference of the two metallic layers is about 150 nm, which is
also the depth of the dielectric grating hs.

III. RESULTS AND DISCUSSION
A. Color Filter Effect

The schematic of the optical measurement is shown in
Fig. 3(a), where a collimated white light is filtered by a Glen—
Thompson polarizer (CVI-MG) and then is incident upon the

Fig. 2. (a) Optical photographs, (b) SEM, and (c) AFM images of the fabri-
cated bilayer aluminum nanowire grating. For (a), from left to right, the first
three photographs are the diffraction under different observation angles with
red, yellow, and green color, and the fourth was taken by bending the substrate.

nanowire gratings on a PET substrate. The nanowire gratings are
rotated at a fixed incident angle. When the grating lines are par-
allel to the electric field of the incident light, it is TE incidence,
while TM incidence for the vertical case. The transmitted and re-
flected lights are collected by a fiber mounted with a collimated
lens to a spectrometer (USB 4000, Ocean Optics) normalized
by the incident light. The measured TM transmission spectra
for incident angles 0°, 10°, and 20° from the top metal layer are
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Fig. 3. (a) Schematic of the optical measurement, (b) and (c) transmission of

the TM light at different incident angles.

50 50
=40 40
L]
© 30 [ e
=
il
G 20 20
@
o=
2 10f 0

600 -
wavelength [nm]

500

20, 28 30
incident angle 0 [°]

(a) (b)

Fig. 4.  Reflection of TM by every 5° from 15° to 55°. The inset in Fig. 4(a)
is the photo of the reflection with an incident angle of 20°.

shown in Fig. 3(b). In each curve, there is one, two, or three dips,
which correspond to the SPR-Al/Air and SPR-Al/Substrate de-
rived by (1) [20]. Fig. 3(c) shows the transmission spectra for
every 5° incident angle measured from 0° to 60°, where the
three distinct black lines indicating the dips of transmission are
the results of the dispersion relationship (1) for SPR on the
Al surfaces as aforementioned. It is clear that the data derived
by (1) of lateral SPR-Al/Air and SPR-Al/Substrate resonances
are in good agreement with the measured dips, implying that
the excited lateral surface plasmon modes cannot be transmit-
ted through the bilayer metallic grating, thus the transmission
has color filtering effect. Part of the lights propagate along the
grating surfaces in lateral SPR-Al/Air and SPR-Al/Substrate
and some are reflected back as shown in the measured reflection
peaks in Fig. 4. The dashed black line in Fig. 4(b) is correspond-
ing to SPR-Al/Air, the same as the line in Fig. 3(c). The single
peaks in the reflection spectra [see Fig. 4(a)] clearly show that
the grating can work as a reflective color filter for TM light
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Fig. 5.  Obtained magnetic field [, using Rigorous Coupled Wave Analysis

(RSOFT, DiffractMOD) for the SPR-Al/Substrate and SPR-Al/Air, The black
lines depict schematically the profile of the bilayer grating. The light is normally
incident on the gratings along the minus direction of Z-axis with incident
wavelengths: (a) 690 nm and (b) 470 nm.
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Fig. 6.  Transmission (a) and reflection (b) spectra of TE light under incident
angles from 0° to 60° by every 5°.

In (1), ko is the wave vector of the incident light, € is the
incident angle, G = 27/T is the unit of grating vector, n = %1,
42, ... is the diffraction order of the grating, ¢; /0 and ¢, are
the permittivity of the dielectric (¢;: PET substrate permittivity
and g air permittivity) and aluminum [21]. The solid and dash
black lines in Fig. 3(c) are corresponding to SPR-Al/Substrate
and SPR-AI/Air by the 1 order diffraction, respectively.

To show the SPR modes clearly, the magnetic field profiles
H, calculated by Rigorous Coupled Wave Analysis (RSOFT,
DiffractMOD) with the incident angle 0° are given in Fig. 5. The
wavelength of the incident light is 690 nm in Fig. 5(a), where
SPR-Al/Substrate appears. Fig. 5(b) shows the GSPR-Al/Air
with the wavelength of 470 nm. From Fig. 5, we can see that for
SPR-Al/Substrate the maximum field intensity is on the interface
between aluminum and substrate, while for SPR-Al/Air it is on
the interface between aluminum and air. It is consistent with the
character of SP polaritons. Moreover, the strong reflections of
the light due to the SPR resonances, especially of SPR-Al/Air,
are apparently observed form Fig. 5.

B. Polarizer Effect

The measured transmission and reflection spectra of TE light
incident from the top are shown in Fig. 6. In Fig. 6(a), the dips
highlighted with the black dashed line correspond to the wave-
guide modes in the substrate, which follows kg sin 6 + nG ~
ko+/€; [22]. The transmission is much lower than the corre-
sponding TM case in Fig. 3(c). Especially for the large incident
angles, the TE transmittance is reduced to almost zero, while
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Fig. 7. Dispersion of the slits waveguide modes of the bottom Grating-
Al/Substrate (a-1, a-2) and top Grating-Al/Air (b-1, b-2). Figures of (a-1) and
(b-1) are for the TM light, and figures (a-2) and (b-2) are for the TE light.

the TM transmittance is even increased. For the incident an-
gle of 60°, the extinction rate of transmitted TM to TE light
is as high as 60. While the TE reflection shown in Fig. 6(b) is
much higher than the TM reflection in Fig. 4, implying that the
nontransmissive TE light is reflected. The no-absorptive polar-
ization effect is demonstrated as well. The different transmission
between TM and TE light can be explained as later.

Because of the periodic character, the dispersion of waveguide
modes in the slits (SWM) is described by (2) deduced from
Bloch theory [23]

cos(KT) = cos(kyty) cos(katy)
71/2(9 + 1/9) Sln(kltl)SIH(kgtg) (2)

where K denotes the Bloch wave number, 7" is the pitch of
the grating, ¢; and t» are the thickness of the dielectric and
aluminum in one period, respectively, k; = ke; /0~ k? and
ko = ke, —k> are the wave numbers of the input light in the
dielectric and aluminum along the X-axis, respectively. k. is
the wave number of the waveguide mode along the Z-axis.
g = kien/(k2€i o) for TM light and &, /k, for TE light.

The complex solutions of (2) with the structure parameters in
our experiments are shown in Fig. 7. The gray part highlights
the visible light zone. The blue and red dots are the real and
imaginary parts of the wave number k., respectively. The black
lines represent the dielectric lines of the slits [dielectric slits in
Fig. 7(a) and air slits in Fig. 7(b)].

For TM light, the lines beneath the black dielectric line
[lines denoted by 0 in Fig. 7(a-1) and (b-1)] represent sur-
face plasmon waveguide modes with negligible K,;, which are
SWM-AI/Air/Al and SWM-AI/Di/Al shown in Fig. 1. For both
polarizations, the lines above the dielectric lines (lines denoted
by l1r, 1i) are the regular lossy waveguide modes, in which, K ;
decreases with the increase of the angular frequency w; When
K,; is comparable with or even larger than K,,, it means the
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waveguide mode is not supported to propagate (cutoff). Hence,
for regular modes, the angular frequency w corresponding to the
point of k,; = K, is called the cutoff frequency and only fre-
quencies above it can be transmitted through the slits. It is noted
that the cutoff frequencies of the first-order TE modes equal
to the second-order TM mode, which are 0.105 w, (788 nm)
and 0.162 w,, (511 nm) for dielectric and air slits, respectively.
Thus, the TE light is forbidden to pass for wavelengths larger
than 511 nm. While for the surface plasmon waveguide modes
[line O in Fig. 7(a-1) and (b-1)] of TM light, there is no cutoff
frequency, indicating that the TM light can always pass through
the slits in surface plasmon waveguide modes.

The previous analyses show that the polarization of the struc-
ture originates from the polarization selective transmission of
the grating slits. In addition, the reason that the reflection of TE
is higher than that of the TM is that TE light cannot enter the
silts, thus is reflected back like incident on an aluminum film.

From the measurements and analyses previously, we can see
that the structure acts as a color filter and a polarizer simul-
taneously. The transmission effect can be used as a compact
integrated color filter and polarizer, which can be applied for
display devices and other imaging sensors. Different from the
conventional absorption-type filters or polarizers, the structure
studied here does not absorb the light for the realization of the
functions of color filtering and polarization. It reflects back the
TE light while allowing the passing of TM light. In addition, it
reflects back the TM light of SPR-Al/Air to function as a color
filter in both transmission and reflection. This peculiar character
makes the structure suitable for display application for power
saving by recycling the reflected TE or TM light.

IV. CONCLUSION

Laser interference lithography was employed to fabricate the
dielectric reliefs on PET substrates, and then E-beam evapora-
tor was used to deposit aluminum on top of reliefs and inside the
slits to obtain bilayer metallic grating. Slit and substrate surface
plasmon waveguide modes were investigated analytically and
experimentally. For wavelengths larger than cutoff value, the
TE light is prohibited and only the TM light is permitted to pass
through the slits. Thus, the grating acts as a TM pass polarizer.
With the lateral surface plasmon waveguide resonances on the
interfaces of aluminum /air, the TM light is reflected back and
there is a single peak in reflection and multiple dips in trans-
mission. Both the reflection and transmission spectra have color
filtering effect. Different from the conventional absorptive ones,
the bilayer metallic nanowire does not absorb the incident light,
which has great advantage for power saving in displays. In addi-
tion, the structure is compact as an integration film of polarizer
and color filter, which can reduce the thickness of the display
devices. By optimizing the fabrication process, the proposed
metallic nanowire gratings in color filtering and polarization
functions can be further improved.
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