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Abstract. The spectrum filtering behavior of the slit nanoresonator array structure is based on
the coupling between the slit resonance and the Wood’s anomaly of grating array, and therefore
has angle dependence, which is not desirable for some applications. To achieve an angle-insen-
sitive spectrum filter, such a coupling should be disrupted. We show that reducing the period of
the slit array helps decouple these two resonances. Additionally, by enhancing the light confine-
ment inside the slits through either shrinking the slit width or filling the slits with a high-index
medium, a narrow transmission peak is maintained at a small period so that an angle-insensitive
spectrum filter is achieved. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOL: 10
1117/1.JNP.9.093795]
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1 Introduction

Subwavelength metallic grating-based structures have been exploited for structural colors.'™
Metallic nanoslits have been proposed as angle-insensitive color filters based on the localized
Fabry-Perot resonance of transverse magnetic (TM) light in each slit.>* By forming a dense
array, the slit nanoresonators could provide high efficiency and find practical applications in
high-resolution visual displays, miniature hyperspectral imaging, and high-sensitivity sen-
sors.”” Especially, they could be a potential replacement of the colorant pigments widely
used in LCD displays and colored imagers.>® However, the periodic arrangement inherently
produces grating resonances (i.e., diffractions or Wood’s anomaly), which could couple with
the slit resonance and make the spectrum filtering behavior angle dependent.”~'® This character-
istic is undesirable for display and imaging applications. We propose a solution to address this
issue: by reducing the grating period, the grating resonance is decoupled from the slit resonance
so that the transmission becomes much less angle dependent. By enhancing the light confine-
ment inside the slits through either shrinking the slit width or filling the slits with a high-index
medium, a narrow transmission peak is maintained at a small period and thus an angle-insensi-
tive spectrum filter is obtained.

2 Analytical Model of the Slit Array

Consider a typical perforating metal slit array supported by a dielectric substrate as sketched in
Fig. 1. The slit width, the slit height, and the period are denoted as a, h, and d, respectively.
The whole space is then divided into three regions: air above the metal layer (I), the metal layer
with perforating slits (II), and the dielectric substrate (III).

The response of this structure to a TM light is analytically derived.® First, the light field
(represented by the TM field H,) in regions I and III is expressed by Rayleigh’s expansion
as following:
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Fig. 1 Sketch of a metallic nanoslit array.
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The field in region I is a superposition of incident and reflection light. The field in region III
represents transmission. r,, and t,, are the m’th order reflection and transmission coefficients,
respectively. d,, equals 1 at m = 0 and equals O for other cases. &, = k, sin @ denotes the x
component of the wave vector; and a,, = 2mn/d represents the m’th order extra momentum

provided by the grating. y}, = \/kZ — (@ + a,,)* and ¥ = \/e4k2 — (& + a,,)* represent
the y-directional momentum of the photons in regions I and III, respectively. g4 is the dielectric
constant of the substrate. In region II, if the metal is assumed to be perfectly conductive, the field
inside the metal is zero and that inside each slit can be described as a superposition of the wave-
guide modes. When the wavelength is much larger than the slit width, only the fundamental
mode is taken into account. With these two approximations, the field in region II writes

ol [a exp(ify) + a~ exp(—ify)]| exp(idgx), slit area 3)
o0, metal area’

The light field inside each slit is regarded as a superposition of two fundamental slit wave-
guide modes, i.e., a™ exp(ify) and a~ exp(—ify), propagating in the positive and the negative
y-directions, respectively. f is the propagation constant of the slit waveguide mode. It is equal to
ko when the slits are empty, and changes into ,/£k, when the slits are filled by a material
with a dielectric constant of &,. At the I/Il and II/III interfaces, the continuity of the tangential
components of the field implies that E, and H, are continuous within the slit interval
(—a/2+n'd<x<a/2+n'd, n’ is an integer) and E, =0 within the metal interval
[(-d/2+n'd<x<-a/2+n'd)U(d/2+n'd<x<a/2+ n'd)]. The boundary conditions
together with the narrow-slit approximation determine the coefficients a*, a~, r,,, and t,,:
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Due to the subwavelength scale, the zeroth-order transmitted light is of most concern. By
working out the transmitted fields with the coefficients in Eqs. (4)—(7), the zeroth-order trans-
mission is derived as

\/ € 2 —a2/e
Ty = |1o2 Y E0k0 ~ o/ (8)

where ¢, is the zeroth-order transmission coefficient that can be derived from Eq. (7). For
the metal slit array with @ = 110 nm and 2 = 170 nm on a fused silica substrate (g4 = 2.10),
the zeroth-order transmission at normal incidence is plotted versus wavelength and period as
a two-dimensional (2-D) contour [Fig. 2(a)].

The red wedge zone corresponds to the resonant transmission peak, which is used for spec-
trum filtering. The oblique dark lines (marked as white dashed lines) represent the different
diffraction orders of Wood’s anomaly.’ They are divided into two sets: N’ = 1 and N’ = 2 re-
present the first- and the second-order grating resonances at the grating/substrate interface, while
N =1 and N = 2 represent the diffractions at the grating/air interface. The transmission peak

T
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wavelength (nm)

period (um)

200 400 600 800 1000 1200 1400
wavelength (nm)

(b)

Fig. 2 Zeroth-order normal incidence transmission (T,) (a) and slit power enhancement factor
((Sqit)/(Si)) (b) versus wavelength and period. The slit width is 110 nm and the height is
170 nm. The inclining dashed lines mark out the Wood’s anomalies. The area between the
two vertical dashed lines marks out the slit resonance.
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(red wedge zone) is a result of the coupling between the Wood’s anomaly and the slit resonance.
The slit resonance is caused by the Fabry-Perot effect of the waveguide modes in each slit. The
red shift of the transmission peak with increasing period just follows the lower branch of the
anti-crossing. With increasing period, the ratio of the slit area to period decreases and thus the
transmission decreases so that the coupling between the slit resonance and higher-order Wood’s
anomalies becomes too weak to be shown in Fig. 2(a). In order to more explicitly reveal the slit
resonance as well as its coupling with higher-order Wood’s anomalies, the slit power enhance-
ment factor,” which is the ratio of the power flow inside each slit ({Sg;)) to that of the incident
light ({S;)), is plotted versus wavelength and period in Fig. 2(b). The expression is

<Sslit> 1

<Sl> &

(la=[* = |a*]?). )

This quantity represents how much power flows through the slits. Since the light power inside
the slits is directly influenced by slit resonances and it encompasses all diffraction orders, the slit
power enhancement factor is more sensitive to the slit dimension itself than to the grating period.
As shown in Fig. 2(b), the slit resonance is intrinsically independent of the period due to the
localized nature. This is indicated in Fig. 2(b) as well as in Fig. 2(a) by the two vertical dashed
lines. Since the transmission peak, which would serve to filter the spectrum, is a hybrid of the slit
resonance and the Wood’s anomaly, it inherits period as well as angle dependence from the
Wood’s anomaly. In this theoretical model, the metal is approximated to be a perfect conductor.
However, the analysis of the coupling between the slit resonance and the Wood’s anomaly can be
applied to real metal cases as well (see Sec. 6). The only difference is that the Wood’s anomaly
becomes surface plasmon polariton (SPP)-mediated destructive interference'* and the slit wave-
guide mode becomes a metal-insulator-metal (MIM) SPP waveguide mode.

3 Reducing the Angle-Dependence by Decreasing the Period

One solution to achieve an angle-insensitive spectrum filter is to decouple the Wood’s anomaly
from the slit resonance. This can be done by reducing the grating period so that the Wood’s
anomaly gradually moves to shorter wavelengths (Fig. 2). Take the metal slit array with
a =110 nm and 4 = 170 nm on a fused silica substrate as an example. The zeroth-order trans-
mission is plotted as a function of wavelength and incident angle at the periods of 300 and
400 nm in Figs. 3(a) and 3(b). As shown, by reducing the period from 400 to 300 nm, the
angle-insensitive range of the transmission peak (marked by the thicker dashed line) is increased
from O deg to 4 deg to 0 deg to 8 deg.

T T
1 1
0.9 0.9
0.8 0.8
0.7 0.7
=) =)
9) 06 @ 0.6
k=) k=)
o 05 o 0.5
2 2
© 04 3 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0 0
400 500 600 700 800 400 500 600 700 800
wavelength (nm) wavelength (nm)

(a) (b)
Fig. 3 Angle-dependent transmission spectra at the periods of 400 nm (a) and 300 nm (b). The slit

width is 110 nm and the height is 170 nm. The thin dashed lines mark out the Wood’s anomalies.
The thick dashed line marks out the transmission peak.
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In the 2-D contour of angle-dependent transmission spectra, each grating resonance splits
into two branches due to the phase matching requirement. One shifts to shorter wavelengths,
representing the forward diffraction whose x-component wavevector (k,) has the same sign as
that of the incident light. The other shifts to longer wavelengths, representing the backward
diffraction whose k, has the opposite sign to that of the incident light. f and f’ denote the
forward diffractions at the grating/air interface and at the grating/substrate interface, respectively;
b and b’ denote the backward diffractions. At the period of 400 nm, the origin of the f' and the
b’ branch is close to the slit resonance so that the b’ branch starts to overlap with the slit res-
onance at ~4 deg and form a coupled grating/slit resonance, which is angle dependent. At the
period of 300 nm, the grating resonances move to shorter wavelengths [the f and the b branches
are even shifted to UV range so that they become invisible in Fig. 3(b)]. Thus, the b’ branch does
not couple with the slit resonance until 8 deg. To achieve an angle insensitive range up to 60 deg,
the period needs to be smaller than 200 nm.

4 Resonance Degradation at Small Periods

However, reducing the period also causes peak broadening and thus affects the color purity. For
instance, when the period is smaller than 200 nm, the transmission hardly shows any resonant
peak but shows an almost flat profile. In fact, the structure transits to a broadband wire grid
polarizer.> The broadening in resonance is due to the reduced light confinement inside the
slits. When a deep subwavelength metal slit illuminated by a TM wave with the electric
field crossing the slit, polarization charges are accumulated at the corners and consequently dis-
tort the nearby field, making the slit opening a dipole.>™'7 At either the entrance or the exit side
of the slit, the incident or the outgoing plane waves should couple into or out of the slit wave-
guide mode, leading to an impedance mismatch at the two interfaces. The impedance difference
causes light reflection that is essential for the slit resonance. When slits are being arrayed, the
interdistance plays an important role. For a 400-nm period, as shown in Fig. 4, the induced
dipoles are separated from each other by a sufficient distance. Thus, the light field around
each dipole is distorted, leading to an adequate impedance mismatch between the incident
light and the slit waveguide mode. Consequently, light is well confined in the slits at a resonance,
producing a distinct transmission peak.

E, (V/m)
Max

Min

Fig. 4 Light field (E) distribution and electrical field lines in slit arrays with a 400-nm period and
a 200-nm period under a normally incident plane wave with E; = 3.92 x 10* V/m. The two
structures are both on resonance at the wavelengths of 687 and 507 nm, respectively. Max:
2.44 x 10° V/m; Min: —2.90 x 10° V/m.
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When the period decreases to 200 nm while the slit width remains the same, the induced
dipoles adjacent to each other have an end-to-end configuration as shown in Fig. 4 so that
the accumulated charges of opposite polarities tend to cancel out. Thus, the light field is
only slightly distorted and the impedance mismatch to air is significantly reduced, leading
to a much weaker resonance and a broadened transmission “peak.”

5 Maintaining a Sharp Resonance at Small Periods

5.1 Decreasing the Slit Width

Based on the above analysis, we anticipate that reducing the slit width can help to prevent res-
onance degradation, since the induced polarization charges are separated from their opposite
neighbors and then survive cancellation, giving rise to a significant impedance mismatch by
distorting the field at the slit opening [Fig. 5(a)].

By reducing the slit width to 50 nm at a 200-nm period, an angle-insensitive resonant trans-
mission is achieved up to 60 deg with a bandwidth around 100 nm [Fig. 5(b)]. Actually, reducing
the slit width not only makes up for the reduction in the interdistance, but also enhances the
Q-factor of the intrinsic slit resonance due to the enlarged difference between the free-space
wavelength and the slit width. As revealed by the spectra of the slit power enhancement factor

) p— m@  Vox (©) 600

2=110nm- a=50nm —
A=507nm- A=555nm-

period (nm)

Min 200 400 600 800 1000 1200 1400
wavelength (nm)
(Sq/(s)
(D) 60 g — R (d) 2 o m
0.9 18 35
0.8 16
3
1797 14
S c 1 2.5
0.6
ﬁ 312
P 11105 B 10f 2
(o] =
g | 0.4 S gf 15
0.3 7
6 1
| 0.2 -
0.1 7 . Wo.s
N = e —
0 s o
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
wavelength (nm) wavelength (nm)

Fig. 5 (a) Lightfield (E ) distribution and electrical field lines in two slit arrays with the same period
200 nm and different slit widths (110 and 50 nm) under a normally incident plane wave with
E, =3.92x10* V/m. The two structures are both on resonance at the wavelengths of 507
and 555 nm, respectively. Max: 2.44 x 10% V/m; Min: —2.90 x 10° V/m. (b) and (c) Angle- and
period-dependent zeroth-order transmission spectra of the structure with a 50-nm slit width.
(d) Slit power enhancement factor versus wavelength and period. The thin dashed lines mark
out the grating resonances. The area between the two vertical dashed lines marks out the slit
resonance.
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Fig. 6 Zeroth-order transmission spectra of arrayed slits filled by a medium with a refractive index
of 1.45. Slit height is 170 nm; slit width is 110 nm. (a) Period-dependent zeroth-order normal inci-
dence transmission spectra. (b) Angle-dependent zeroth-order transmission spectra at the period
of 250 nm. The thin dashed lines mark out the Wood’s anomalies. The thick dashed line marks out
the transmission peak.

[Figs. 2(b) and 5(d)], the 110-nm-wide slit shows a resonance with a bandwidth of ~450 nm,
while the 50-nm-wide slit shows a resonance with a bandwidth of ~200 nm.

5.2 Filling the Slits with a High-Index Medium

Another way to enhance light confinement inside the slits is to fill the slits with a high-index
medium. Assuming that the slits are filled with a dielectric with an index of 1.45, the period-
dependent zeroth-order transmission spectra are plotted in Fig. 6.

The slit height and width are still chosen to be 170 and 110 nm, respectively, so that the
optical response can be compared with the air-slit case (Fig. 2). In general, the filled slits
show a sharper slit resonance than the empty slits at the same period. The period of
250 nm, which gives a quite large angle-insensitive range (up to 50 deg), is chosen for the
angle-dependent transmission spectrum plot [Fig. 6(b)]. Compared with air slits where the
slit resonance is too weak to be identified from a high-transmission background, the dielec-
tric-filled slits still exhibit a distinct resonance peak in transmission. Although the resonant
wavelength of the filled slits is red shifted due to the increased optical path in a high-index
material, the deviation can be compensated for by decreasing the slit height.

6 Slit Arrays Made of Real Metals

In order to show the validity of the above analysis in real metal cases, the transmission spectra for
the slit array perforating an Al or Ag film are calculated by rigorous coupled-wave analysis and
compared with the perfect electrical conductor (PEC) counterpart predicted by the analytical
model. Except for the metal material, the geometry, the substrate, and the slit filler are the
same for these three structures. The period is chosen to be 200 nm in order to have a large
angle-insensitive range. To balance the peak broadening, the slit width is chosen to be
50 nm and the slits are filled by a medium with an index of 1.45. The slit height is chosen
to be 120 nm to make the resonant transmission in the visible range. As shown in Fig. 7,
both Al and Ag structures showing decent spectrum filtering behavior in transmission and
the resonant peak at normal incidence is almost identical to that at a 30 deg oblique incidence,
showing that the principles of achieving an angle-insensitive spectrum filter in the slit array
structure are practical in real metal cases.

On the other hand, there are discrepancies between the real metal and the ideal metal cases.
(1) The loss in real metal causes a lower peak transmission than the ideal metal case. (2) Both
the Wood’s anomalies and the slit resonance are red shifted in the spectrum of a real metal slit
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Fig. 7 Zeroth-order transmission spectra of the slit array structure (period 200 nm, slit width
50 nm, and slit height 120 nm) made of perfect electrical conductor (PEC), Al, and Ag. The
slits are filled by a medium with an index of 1.45. (a) Transmission at normal incidence.
(b) Transmission at a 30-deg oblique incidence.

array with respect to that in the ideal metal case. This red shift is caused by SPP excitation.
The Wood’s anomaly in the ideal metal case is due to the wave being diffracted and propagated
along the surface, while in real metal cases the Wood’s anomaly is due to the SPP being
excited at grating/air or grating/substrate interface [Fig. 8(a)]. The SPP wave is known to

(@) grating resonance (b) [—iight cone '
—nA
diffraction anormaly SH 7
: LA
1 : 9 —_ 4 [ i
perfect T |
metal 2 :
VS. < 3 | 7
S
SPP |
\ \ R 2r | |
F;' ". > ". > l SPP dispersion
metal : 5 10 15 20 25
B (um™)
(C) (d) — light Icone I I
slitresonance 5 :2'@1 |
TEM MIM SPP = a4l |
waveguide mode waveguide mode T
- VS. AA k=
- NG 33 )
perfect real =pv*,~
metal metal4 ™.
. L 2r | MIM waveguide |
B mode dispersion
T[}Z ﬁ7 II 1 1 1 1
; 5 10 15 20 25 30
B (um™)

Fig. 8 Comparison between a slit array made of a perfect metal and that made of a real metal.
(a) Sketch of surface light diffraction in a perfect metal slit array and the SPP wave in a real metal
one. (b) Dispersion plots of light in free space (black curve), SPP wave at the Al/air interface (blue
curve) and SPP wave at the Ag/air interface (green curve). (c) Sketch of the transverse electro-
magnetic (TEM) waveguide mode in a perfect metal slit and the MIM SPP mode in a real metal slit.
(d) Dispersion plots of TEM waveguide mode, Al/air/Al SPP mode, and Ag/air/Ag SPP mode in a
slit of 110-nm wide.
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have a higher momentum due to its special dispersion [Fig. 8(b)], therefore, it occurs at a longer
wavelength.

With a propagation constant #; = 2z/d given by the grating, the surface wave in the ideal
metal case occurs at a frequency of @ = (2z¢/d), where c is the light speed; the SPP in a real
metal case occurs at @ = (2zc/d)\/(en + €;)/€eme;, Where g, is the permittivity of the metal and
& is that of the dielectric. Similarly, the waveguide mode in a slit with ideal metal walls is a
transverse electro-magnetic (TEM) mode with free space momentum; while that in the real metal
case is an MIM SPP mode [Fig. 8(c)] with higher momentum and thus causes a red shift of the
slit resonance. The MIM SPP mode follows the dispersion

/B2 3

and is plotted in Fig. 8(d). Since Ag has a lower plasma frequency (13.70 x 103 Hz, i.e., wave-
length ~138 nm) than Al (22.43 x 10" Hz, i.e., wavelength ~84 nm), the dispersion of Ag SPP
deviates more from the light cone than that of Al SPP [Figs. 8(b) and 8(d)], therefore, the Wood’s
anomaly and the slit resonance are more red-shifted.

Concerning the Wood’s anomalies as well as the slit resonance either in a real metal case or in
the ideal metal case, the principle is similar. The former is based on grating diffraction and
the latter is based on Fabry-Perot resonance, no matter whether the mediating wave is an
SPP or not. Therefore, the guidelines of creating an angle-insensitive spectrum filter with a
narrow transmission peak, based on our theoretical model, also work for the real metal cases.

7 Conclusion

In summary, to address angle dependence of the spectrum filter based on the slit nanoresonator
array structure, the coupling between the slit resonance and the Wood’s anomaly should be
removed. Although a reduction in period can achieve this purpose, the broadening of the res-
onance peak due to the reduced light confinement inside the slits hinders practical usage.
However, by reducing the slit width or by filling the slit with a high-index medium, an adequate
impedance difference and a good light confinement can be maintained, and as a result, relevant
angle-insensitive spectrum filtering can be achieved.
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