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ABSTRACT: We propose a planar, ultrathin, subwavelength
spectral light separator that enables efficient, angularly robust,
spatially coregistered decomposition of light into its spectral
components. The device consists of a collection of spectrally tuned
“meta-atoms” and achieves spectral selectivity by utilizing strong
localized resonance supported by each individual meta-atom. The
three-dimensional meta-atoms are formed by resonant subwave-
length-size rectangular apertures in a planar metallic film of deep-
subwavelength thickness. The overall physical cross-sectional area of the device is subwavelength, and its thickness is deep-
subwavelength. Different spectral components of light are simultaneously separated and collected in different subwavelength-size
aperture pairs, where each aperture pair is composed of two perpendicularly oriented, same-size apertures; and different aperture
pairs collect their light from overlapping cross-sectional regions. Hence, spatial coregistration errors between different spectral
channels are quite reduced, which is an attractive feature for multispectral imaging systems. The operation of the device is
polarization-independent; however, the device also simultaneously separates different linear polarization components of light and
collects their power in different apertures of aperture pairs. The device also exhibits angular robustness for obliquely incident
light, that is, spectral selectivity is largely angle-independent. Both features are appealing for imaging applications.
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In many areas of science and technology that utilize the
spectrum of light, such as spectroscopy, multispectral

imaging, hyperspectral imaging, and wavelength demultiplexing,
it is desired to decompose light into its spectral components
with minimum photon loss.1−20 Especially, in snapshot imaging
applications, where the goal is to simultaneously collect full
spatial and spectral information, one needs to perform the
spectral decomposition in a photon-efficient manner, without
sacrificing spatial resolution, which is conventionally limited by
diffraction.5,21,22 Furthermore, imaging systems are increasingly
miniaturized, and pixels in image sensors or focal plane arrays
tend to shrink down to the (sub)wavelength scale, which are
driven in part by the small form factor requirement on mobile
platforms.8,22−27 Hence, there is an urgent need for a photon-
efficient, compact, subwavelength-size spectral light separator to
build high-resolution, low-cost, low-power, and lightweight
multispectral snapshot imaging systems.1−8,21,26

One class of snapshot systems achieves spectral selectivity by
utilizing hard-to-miniaturize devices that are larger than their
operating wavelength in size.5,11,17−19,28−40 Traditionally, these
systems include either spectral decomposition systems based on
prisms or guided-mode resonance filters based on phase-
matching elements such as diffraction gratings.5,8,11,28,29 Novel
devices have also been proposed, such as photon sorters or
other plasmonic structures.17−19,30−40 Their operation depends
on surface plasmon polariton excitation by using periodic hole
arrays, groove arrays, or gratings, where the period is
comparable to the operation wavelength. To operate, these

devices require at least a few periods; therefore, they are
necessarily larger than the operation wavelength.41

As an alternative approach, spectral selectivity can be
achieved with structures supporting localized resonan-
ces.7,13,42,43 Recently, the concept of assembling several deep-
subwavelength resonant structures (“meta-atoms”), each
supporting a single resonance at a different wavelength, to
achieve spectral separation at the subwavelength scale in a
single isolated (i.e., nonperiodic) device was demonstrated.7,13

This concept does not rely on any periodicity effect to achieve
spectral separation. It is therefore compatible with the current
trend in constructing detector arrays with smaller, (sub)-
wavelength-size pixels. Unlike spectral filter arrays, where only a
single spectral component is selected in a wavelength-size pixel
area, the devices based on this concept select and separate
multiple spectral components in a subwavelength-size area;
therefore, this concept also provides a more photon efficient
way for imaging than the concept of using spectral filter arrays.
The subwavelength-size devices that have been demonstrated

so far,7,13 however, remain polarization-dependent, which is not
ideal for many imaging applications. Moreover, for spectral
separation, they utilize either strong interference between
different spectral bands13 or nonplanar structures.7 The former
limits spectral selectivity, angular robustness, and hence
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efficiency. The latter results in thickness that is not deep-
subwavelength and poses fabrication challenges.

■ RESULTS AND DISCUSSION

In this work, we numerically demonstrate a planar sub-
wavelength spectral light separator that overcomes all the
above-mentioned limitations associated with previously dem-
onstrated spectral separation devices. We present here a three-
dimensional (3D), surface-thin, planar, subwavelength-size
nanophotonic device that can decompose light into its spectral
components in a very photon-efficient way. Our spectral light
separator achieves spectral selectivity by utilizing the strong
localized resonances of 3D meta-atoms formed by subwave-
length resonant apertures in a metallic film of deep-
subwavelength thickness. These apertures have electromagnetic
cross sections far exceeding their physical size at their
resonance wavelengths.44 We show that one can assemble
these apertures, each tuned to a different wavelength, in a
subwavelength-wide and deep-subwavelength-thick device with-
out causing significant interference among them. The overall
transmission through our device is polarization-independent,
but the device can be used to separate the different linear
polarization components of light as well, which might be useful
for polarimetric imaging.17,38 We also show that our device has
angular robustness, that is, a clear spectral separation can still be
achieved for obliquely incident light. Furthermore, since the
apertures collect light coming from overlapping cross-sectional
regions, spatial coregistration errors between different spectral
channels are quite reduced, which is a very attractive feature for
multispectral imaging.7,45,46

Figure 1 illustrates a planar subwavelength spectral light
separator designed to operate at infrared wavelengths. The

structure is a single isolated (i.e., nonperiodic) device. It
consists of three subwavelength-size rectangular aperture pairs
(1−1′, 2−2′, and 3−3′) in an ultrathin metallic film. The film
thickness is 50 nm, which is deep-subwavelength compared to
the operating wavelength range. The apertures have a width of
50 nm, and their lengths are chosen such that each aperture
exhibits a resonant behavior at a single spectral band in the
wavelength range between 1.8 and 5 μm. Each of the apertures
of the first aperture pair (1−1′) has the length of 1 μm, of the
second aperture pair (2−2′) has the length of 1.25 μm, and of
the third aperture pair (3−3′) has the length of 1.5 μm, which
allows separating three different spectral components of light
such that each spectral component is transmitted through a
different aperture pair. For each aperture pair, one aperture is
oriented along the x-direction, and the other aperture is
oriented along the y-direction, which enables a polarization-
independent response when using aperture pairs as detected
elements. The separation between adjacent parallel apertures is
200 nm. The overall structure is symmetric with respect to the
x = y plane. The total physical cross-sectional area of the device
is in the subwavelength range. Without loss of generality, we
choose aluminum47 (Al) as the metal, choose air as the material
surrounding the device, and use air-filled apertures. We also
examine the case where the metal is perfect electric conductor
(PEC) to compare its performance with that of the realistic Al
device and to provide a simpler understanding of the operation
principle. We demonstrate the operation of our device by
simulating its interaction with electromagnetic waves via the
finite-difference frequency-domain (FDFD) method.48−50

Figure 2 shows the transmission cross section spectra, σT(λ),
calculated when the incident light is a normally incident plane
wave with its electric field along the x-direction (x-polarized).
The individual transmission cross section spectra of the
aluminum structure in Figure 2a−c show clear resonance
behavior at three different infrared wavelengths, which are
2688, 3328, and 3936 nm. As can be seen in the figure, these
resonances are associated with the first (aperture 1), second
(aperture 2), and third (aperture 3) aperture oriented along the
y-direction, respectively. Thus, different resonances occur in the
different apertures, meaning that the spectral separation is
achieved. Note that these resonances correspond to the three
resonance peaks in the overall transmission cross section
spectra shown in Figure 2d. We observe that the peak
wavelengths of the transmission cross section resonances
depend directly on the lengths of the apertures oriented
along the y-direction. Also, the ratios of the resonance
wavelengths are approximately equal to the ratios of the
lengths of the corresponding resonant apertures. This is
because the resonances are associated with Fabry-Peŕot-like
cavity modes that are supported by the subwavelength
rectangular apertures for incident light having an electric field
component pointing along the apertures’ short axis.51,52 This
behavior can be clearly noticed by investigating the trans-
mission cross section spectra of the PEC structure, where each
resonance wavelength is approximately twice the length of the
corresponding resonant aperture, with a small redshift due to
the electromagnetic coupling to free-space modes.51,53 In the
case where the metal is aluminum, there is an additional
redshift in each resonance wavelength. This is attributed both
to the penetration of the electromagnetic fields into the
aluminum film due to the finite dielectric constant of the
aluminum, and to the coupled surface waves that are supported

Figure 1. Geometry of the proposed planar subwavelength spectral
light separator. The device consists of three rectangular aperture pairs
where each aperture pair is composed of two perpendicularly oriented,
same-size, air-filled apertures in a deep-subwavelength-thick aluminum
film. The structure is isolated (non-periodic). The film thickness is 50
nm. Each aperture has a width and height of 50 nm. Each of the
apertures of the first aperture pair (1−1′) has the length of 1 μm, of
the second aperture pair (2−2′) has the length of 1.25 μm, and of the
third aperture pair (3−3′) has the length of 1.5 μm. The separation
between adjacent parallel apertures is 200 nm. The device is
surrounded by air. kinc represents the incident light. λmin is 1.8 μm,
which corresponds to the minimum free-space wavelength size in the
investigated spectral range.
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at the aluminum-air interfaces on the long edges of the resonant
apertures.52,54

The peak transmission cross section of each resonant
aperture is much larger than the physical size of the aperture.
The peak transmission cross sections of the aluminum structure
are 0.971, 1.3873, and 1.7944 μm2 for the first, second, and
third resonant aperture, respectively. The physical sizes of these
apertures are 0.05, 0.0625, and 0.075 μm2 respectively. Thus,
the peak transmission cross sections are more than 19 times the
physical area of the apertures. For the PEC structure, the peak
transmission cross sections are 1.4355, 2.1034, and 2.315 μm2

for the first, second, and third resonant aperture, respectively.
Each of these values is very close to the maximum theoretical
transmission cross section of a single deep-subwavelength
rectangular aperture in a PEC film, which is approximately
3λ2/4π.51,53,55 This limit arises from the fact that a single deep-

subwavelength rectangular aperture has a radiation pattern very
close to a dipole radiation pattern. Compared to the PEC
structure, the aluminum structure has about 32.4%, 34%, and
22.5% less peak transmission cross section for the first, second,
and third resonant aperture, respectively. This reduction is due
to the finite and lossy dielectric constant of aluminum. Still, the
aluminum structure maintains the resonant behavior. Hence,
our device composed of the realistic metal is capable of
funneling and collecting light at the selected wavelengths.
Another important figure of merit in imaging applications is

the ratios of the individual transmission cross sections to the
overall active device area. These ratios also correspond to the
individual transmittances. In a periodic device, the overall active
device area of each period can be clearly defined as the area of
the period. However, the isolated structure simulation we
performed here corresponds to a metal film that has an infinite
size in x- and y-direction with only six apertures on it, and
therefore, the active device region cannot be chosen
unambiguously. Hence, for the isolated planar subwavelength
spectral light separator shown in Figure 1, we prefer to discuss
the transmission cross section spectra, and later in the paper,
we discuss the transmittance spectra of the aluminum planar
subwavelength spectral light separator array shown in Figure 4.
The individual transmission cross section spectra of the

apertures oriented along the x-direction (apertures 1′, 2′, and
3′) show negligible transmission in Figure 2a−c because the
operation wavelength range is above the cutoff wavelengths of
these apertures for x-polarized incident light. Above the cutoff
wavelength, fields inside these apertures are evanescent and the
coupling of the apertures with the incident wave is very poor;
thus, the transmission through these apertures decreases
strongly with an increase in wavelength above the cutoff
wavelength.51

Our structure is symmetric with respect to the x = y plane.
Thus, by doing additional simulations, we observed that the
individual transmission cross section response of an aperture
oriented along the y-direction when illuminated by x-polarized
light and the response of the same-size aperture oriented along
the x-direction when illuminated by y-polarized light are the
same. Also, the overall transmission cross section spectra
obtained for x-polarized light and y-polarized light are identical,
meaning that the overall transmission properties of the device
are independent of the light polarization in the case of normal
incidence.
Although the apertures are physically very close to each other

compared to their operation wavelengths, different apertures
efficiently collect light with different wavelengths and polar-
izations. To make a quantitative statement, we define the
spectral crosstalk between a resonant aperture and an off-
resonant aperture as the ratio of the mean absolute trans-
mission cross section of the off-resonant aperture to the mean
absolute transmission cross section of the resonant aperture in
the spectral band of the resonant aperture. The spectral band of
the resonant aperture is defined as the wavelength range
corresponding to the full width at half-maximum (fwhm) of the
transmission cross section spectrum of the resonant aperture. If
we define λ1,i and λ2,i such that they correspond to the
wavelengths at which the transmission cross section of the
resonant aperture i has half of its peak value and λ2,i > λ1,i, the
difference of those wavelengths (λ2,i − λ1,i) corresponds to the
full width at half-maximum (fwhm) of the transmission cross
section spectrum of the resonant aperture i. Then, the spectral

Figure 2. Transmission cross section spectra of both aluminum and
PEC planar subwavelength spectral light separators for a normally
incident x-polarized plane wave. The individual transmission cross
section spectra for the aperture pair 1−1′ in a), 2−2′ in b), and 3−3′
in c). The blue line corresponds to the individual transmission cross
section spectrum of the Aperture 1 in a), 2 in b), and 3 in c) for the
PEC structure whereas the red line corresponds to the individual
transmission cross section spectrum of the Aperture 1 in a), 2 in b),
and 3 in c) for the aluminum structure. In each of a), b) and c), there
are two separate dotted-gray lines coinciding almost on top of each
other, and they show the individual transmission cross section spectra
of the Aperture 1′ in a), 2′ in b), and 3′ in c) for the PEC structure
and the aluminum structure. (d) The overall transmission cross section
spectra for the entire structure. The blue line corresponds to the PEC
structure whereas the red line corresponds to the aluminum structure.
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crosstalk (ωi,j) between the resonant aperture i and the off-
resonant aperture j is given by the formula below.
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For the aluminum structure, the spectral band of the aperture 1
is the wavelength range between 2433 and 2844 nm; the
spectral band of the aperture 2 is the wavelength range between
3074 and 3558 nm, and the spectral band of the aperture 3 is
the wavelength range between 3702 and 4425 nm. The spectral
crosstalk values for the aluminum structure are given in Table 1.
Table 1 shows that the spectral crosstalk between the

apertures oriented along y-axis and x-axis are almost zero as
expected from the fact that the incident light is x-polarized.
Also, the maximum spectral crosstalk between any resonant
aperture and off-resonant aperture is less than 15.4%. Thus,
only the resonant aperture effectively transmits light in its
spectral band, and the transmission cross section of each
aperture is very small for all of its off-resonance conditions. As a
result of these, we can see that the transmission cross section
spectra shown in Figure 2 exhibit very small spectral crosstalk.
As a further evidence of the lack of a major spectral crosstalk

in this structure, Figure 3 shows the electric field intensity (|E|2)
distribution of the aluminum structure at the resonance
wavelength and the resonance polarization of each aperture.
In each case, the field intensity is predominantly concentrated
in only one aperture. Thus, light is funneled into a single
aperture at each pair of resonance wavelength and polarization.
As an additional note, the individual transmission cross

section spectra in Figure 2a−c show that negative transmission
occurs through off-resonant apertures in some parts of the
spectral region. Near the resonance wavelength of each
aperture, there is negative power flow through the off-resonant
apertures. Thus, some transmitted power through the
resonating apertures flows back to the input side through the
off-resonant apertures. We observed a similar phenomenon in
our previous work7 on a nonplanar spectral light separator, and
we believe that this phenomenon is related to the observations
of negative power flow in periodic arrays of compound
apertures.56 On the other hand, as can be seen in Figure 2d,
the values of the overall transmission cross section spectra are
all above zero. Hence, these results show that even when there
is negative power flow through off-resonant apertures, the total
transmitted power flow through the entire structure remains
positive, as expected.
In general, by tuning the geometrical properties and the

orientation of the apertures, one can control their resonance
behavior. For the structure shown in Figure 1, the width,
length, and height of each aperture control the aperture’s
resonance wavelength, while the orientation of each aperture
controls its polarimetric response. We have observed that an
increase in the length of a resonating aperture causes a major

redshift in the resonance wavelength of the aperture due to
Fabry-Peŕot-like nature of the resonance whereas an increase in
the width of a resonating aperture causes a minor redshift in the
resonance wavelength of the aperture as well as it increases the
bandwidth and decreases the quality factor of the resonance of
the aperture. We have also observed that the resonance
behavior of the apertures depends on the light polarization, and
a resonance occurs only for the light having an electric field
component pointing along the apertures’ short axis. In addition,
one may observe that apertures placed in a thicker lossy metal
film have reduced transmission. Also, significant redshift in the
resonance wavelength can be expected by adding a dielectric
inside the apertures. Finally, while the fields are concentrated in
the interior of the resonant apertures in this structure, the fields
can be concentrated at the exit of the apertures by placing the
structure on a high-index material.57 These observations lead to
a series of very straightforward design rules for constructing
additional planar spectral light separators based on the
approach shown here.
So far, we have shown that our 3D planar subwavelength

spectral light separator can achieve spectral decomposition at a
subwavelength scale by showing the simulation results of an
isolated structure. Given the trend in a detector pixel scaling
toward (sub)wavelength size, our device naturally fits within a
single pixel. In real-life applications, such as for image sensor or
photodetector arrays, our device would most likely be used in
an array configuration. Thus, now, we show that an array
formed by subwavelength-size unit cells including our
structures also achieves a very efficient spectral light separation.
The period of the array is not a major design parameter for the
operation of our device since the device operation is based on
the localized cavity resonances associated with Fabry-Peŕot-like
modes.44,51,52 We also show that the device functionality is
angularly robust, that is, the device achieves spectral separation
for a very large range of angle of incidence.
Figure 4 illustrates a periodic planar subwavelength spectral

light separator. The device is again based on a thin aluminum
film with three pairs of apertures. Except for the addition of
periodicity, all dimensions are the same as the structure in
Figure 1. The period of our periodic structure is 1.75 μm in
both the x-direction and the y-direction. This is subwavelength
for the operation wavelength range, and the periodicity has only
a minor influence on the operation of the device. We again use
the FDFD method to examine this periodic structure. This
time, in addition to normally incident plane waves, we also use
obliquely incident plane waves to excite the structure. Each
possible incident plane wave can be decomposed to the basis of
s- and p-polarized plane waves in this configuration. Therefore,
we perform simulations for both s-polarized incident light (a
plane wave with its electric field being perpendicular to plane of
incidence) and p-polarized incident light (a plane wave with its
magnetic field being perpendicular to plane of incidence).
Without a loss of generality, we choose the top and bottom
surfaces of our planar structure to be parallel to the xy-plane

Table 1. Spectral Crosstalk (ωi,j) between a Resonant Aperture i and an Off-Resonant Aperture j for the Aluminum
Subwavelength Spectral Light Separator Excited by a Normally Incident x-Polarized Plane Wave

off-resonant aperture j

1 2 3 1′ 2′ 3′
resonant aperture i 1 0.1218 0.1306 0.0096 0.0010 0.0002

2 0.1351 0.1539 0.0014 0.0177 0.0025
3 0.0231 0.0759 0.0003 0.0028 0.03
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and perpendicular to the z-axis. The plane of incidence is
defined by the z-axis and propagation direction. Therefore, the
direction of the electric field in s-polarized light (the magnetic
field in p-polarized light) is parallel to the xy-plane. In each
simulation, we excite the device using an incident plane wave
with a different polar angle (θ) and azimuthal angle (φ). The
polar angle is defined from the +z-axis direction toward the
direction of propagation vector, and hence, it also corresponds
to the angle of incidence. The azimuthal angle is defined from
the +y-axis direction toward the direction of propagation vector
projection on the xy-plane. Since the electric field direction,
magnetic field direction and the propagation direction must be
orthogonal in a plane wave, the azimuthal angle also
corresponds to the angle defined from the +x-axis direction
toward the direction of the electric field of the incident light
when the incident light is s-polarized. Similarly, it also
corresponds to the angle defined from the +x-axis direction
toward the direction of the magnetic field of the incident light
when the incident light is p-polarized.
While an isolated structure is typically characterized by its

transmission cross section,55 a periodic structure is charac-
terized by its transmittance as the overall active area of a
periodic structure can be clearly defined in each period as the
area of the period. Here, we measure the individual
transmittances as a function of wavelength.

Figure 5a shows the individual transmittance spectra found
for s-polarized incident plane wave with different polar (θ)
angle. Here, the azimuthal angle (φ) is fixed and it is 0°. Thus,
the direction of the electric field of the incident light is fixed
along the x-direction. Hence, s-polarized plane wave here
corresponds to x-polarized plane wave. Only the angle of
incidence (θ) is changed. The individual transmittance spectra
in Figure 5a,i−iii show clear resonance behavior as associated
with the first (aperture 1), second (aperture 2), and third
(aperture 3) aperture oriented along the y-direction,
respectively. This result shows that our device separates the
different spectral components of s-polarized light into different
apertures for a very large range of angle of incidence. In general,
the transmittance values decrease with the increase in the polar
angle (angle of incidence). For small angles (θ ≤ 15°),
however, the decrease is barely noticeable and the trans-
mittance spectra are nearly identical. Also, the resonance
wavelengths for different polar angles are very close to each
other. These are due to the nearly dipole radiation profile of
resonating apertures in our structure, which results in excellent
angular robustness of our structure’s spectral response and
increases the efficiency of our device. We also observe that the
longer resonating apertures have higher peak values in their
individual transmittance spectra. Another observation made
from Figure 5a is that the individual transmittance spectra

Figure 3. Electric field intensity (|E|2) distributions of the aluminum planar subwavelength spectral light separator excited by a normally incident
plane wave for two different polarizations. The incident light is x-polarized in (a), and y-polarized in (b). Subfigures i)−iii) show the intensity
distributions when the wavelength of the light is equal 2688 nm, 3328 nm, and 3936 nm, which are the free-space resonance wavelengths of the first,
second, and third aperture pair (aperture pairs 1−1′, 2−2′, and 3−3′ in Figure 1), respectively. The origin of the coordinate system corresponds to
the center of the structure. The structure is in the region where −25 nm ≤ z ≤ 25 nm. The incident light comes from the region where z < −25 nm,
and it goes towards the +z-direction. In each subfigure, the field intensity is plotted both on the horizontal plane at z = 0 which goes through the
middle of the structure, and on the vertical plane which goes through the middle of the long side of the resonating aperture. The color scale is chosen
such that the maximum of each subfigure corresponds to the same color.
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associated with the apertures oriented along the x-direction
(apertures 1′, 2′, and 3′) show negligible transmission. This is
expected as the wavelength range is above the cutoff
wavelengths of these apertures for incident light with electric
field along the x-direction.
Figure 5b shows the individual transmittance spectra found

for s-polarized incident light with different azimuthal (φ)
angles, while the polar angle (θ) is fixed and it is 15°. In this
case, the direction of the electric field of the incident light is
changed. The individual transmittance spectra in Figure 5b,i−iii
show clear resonance behavior as associated with the first,
second, and third aperture pair, respectively. At a resonance
wavelength, depending on the electric field direction of the
incident light, either only one aperture or both apertures of the
aperture pair associated with that resonance wavelength can
resonate. For example, when φ = 0°, only apertures oriented
along the y-direction resonate. However, when φ increases
toward 90°, the resonance at the apertures oriented along the y-
direction decreases whereas the resonance at the apertures
oriented along the x-direction increases. When 0° ≤ φ < 45°
and 135° < φ < 225° and 315° < φ ≤ 360°, the apertures
oriented along the y-direction have higher transmittance values
than the ones along the x-direction. However, when 45° < φ <
135° and 225° < φ < 315°, the apertures along the x-direction
have higher transmittance values than the ones along the y-

direction. Thus, Figure 5 shows that for a very large range of
angle of incidence (θ), our device spectrally separates s-
polarized incident light, and it collects different spectral
components in different subwavelength-size aperture pairs.
Achieving spectral separation is independent of field directions
of s-polarized plane waves while using aperture pairs as detected
elements. Our device further separates the different linear
polarization components of s-polarized incident light and
transmits the power of those components through different
apertures of aperture pairs.
We repeated the same simulation cases of Figure 5, but this

time we used a p-polarized incident plane wave instead. The
results are shown in Figure 6. Figure 6a shows the individual
transmittance spectra found for a p-polarized incident plane
wave with different polar angle (θ). Here, the azimuthal angle is
again fixed and it is 0°. Thus, the direction of the magnetic field
of the incident light is fixed along the x-direction. Hence, the p-
polarized plane wave here has electric field only in the y- and z-
directions when θ > 0° and it corresponds to y-polarized plane
wave for θ = 0°. Now, we observe that the individual
transmittance spectra in Figure 6a,i−iii show clear resonance
behavior as associated with the first (aperture 1′), second
(aperture 2′), and third (aperture 3′) aperture oriented along
the x-direction, respectively. This result shows that our device
separates the different spectral components of p-polarized light
into different apertures for a very large range of angle of
incidence, which confirms the angular robustness of our
structure. We notice that the transmittance spectra for the
cases with θ = 0° and θ = 15° are very close. But, this time, we
see a redshift in the resonance wavelength of the small aperture
with an increase in the angle of incidence. This is particularly
noticeable for θ = 30° and 45°. We again observe that the
longer resonating apertures have higher peak values in their
individual transmittance spectra. Another observation made
from Figure 6a is that individual transmittance spectra
associated with the apertures oriented in the y-direction
(apertures 1, 2, and 3) show negligible transmission. This is
expected as the wavelength range is above the cutoff
wavelengths of these apertures for the incident light with
magnetic field along the x-direction.
Figure 6b shows the transmittance spectra found for a p-

polarized incident light with different azimuthal (φ) angle,
while the polar angle (θ) is fixed and it is 15°. Hence, the
direction of the magnetic field component of the incident light
is changed. Similarly to the individual transmittance spectra in
Figure 5b, the individual transmittance spectra in Figure 6b,i−iii
also show clear resonance behavior as associated with the first,
second, and third aperture pair, respectively. But this time, the
larger resonances for each investigated φ case are associated
with the apertures oriented along the x-direction because of the
use of p-polarized incident light. But, again, by changing φ, we
can increase the resonances in apertures oriented along the y-
direction. All other main features are the same as in Figure 5b.
Thus, Figure 6 shows that for a very large range of angle of
incidence (θ), our device spectrally separates also p-polarized
incident light, and it collects the different spectral components
in different subwavelength-size aperture pairs. Achieving
spectral separation is independent of field directions of p-
polarized plane waves when using aperture pairs as detected
elements. Our device further separates the different linear
polarization components of p-polarized incident light and
transmits the power of those components through different
apertures of aperture pairs.

Figure 4. Aluminum planar subwavelength spectral light separator
array. It has the same geometry and material as in Figure 1, but this
structure is periodic. The periods in the x- and y-directions are the
same, both being 1.75 μm. λmin is 2.3 μm, which corresponds to the
minimum free-space wavelength size in the investigated spectral range.
kinc represents the incident light which is an obliquely incident plane
wave whose propagation direction is defined by polar (θ) and
azimuthal (φ) angle. θ is defined from the +z-direction toward the
propagation direction, and it also corresponds to angle of incidence. φ
is defined from the +y-direction toward the direction of propagation
vector projection on the xy-plane. If the incident light is s-polarized, its
electric field is on the xy-plane, whereas if the incident light is p-
polarized, its magnetic field is on the xy-plane. Since the electric field
direction, magnetic field direction and the propagation direction of a
plane wave must be orthogonal, φ also corresponds to the angle
defined from the +x-axis direction toward the direction of the electric
field of the incident light for s-polarization (the magnetic field of the
incident light for p-polarization).
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The results obtained from Figures 5 and Figure 6 together
show that for a very large range of angle of incidence, achieving
the decomposition of incident light into its different spectral
components does not depend on the polarization of the light. It
also shows that the light components having electric field in the
x-direction and the light components having electric field in the
y-direction excite different apertures of aperture pairs, so their
power is collected in and transmitted through different
apertures.
We also note that when θ = 0° and φ = 0°, s-polarized light is

the same as x-polarized light and p-polarized light is the same as
y-polarized light, and our structure is symmetric with respect to
a plane that is parallel to the x = y plane. Hence, as
complementary to our observations in the isolated structure

response, when θ = 0° and φ = 0°, it can be seen from Figure
5a and Figure 6a that the transmittance response of an aperture
oriented along the y-direction for s-polarized illumination and
the response of the same-size aperture oriented along the x-
direction for p-polarized illumination are the same.
Once the transmittance spectra of our device are known for

both s- and p-polarized incident light, we can obtain the
transmittance spectra of our device for unpolarized light. Figure
7 shows the result for normally incident unpolarized light. The
different curves represent the individual transmittance spectra
of the different aperture pairs. The peak transmittance values
are 0.4253, 0.5072, and 0.5755 for the first (1−1′), second (2−
2′), and third (3−3′) aperture pair, respectively. This plot
shows that our device can decompose unpolarized light into its

Figure 5. Transmittance spectra of the aluminum planar subwavelength spectral light separator array for s-polarized incident light with different polar
(θ) and azimuthal (φ) angles. (a) Individual transmittance spectra for the aperture pair 1−1′ in (i), 2−2′ in (ii), and 3−3′ in (iii), while φ is fixed at
0° and θ is changed. The blue, red, orange, and cyan lines show the individual transmittance spectra of the aperture 1 in (i), 2 in (ii), and 3 in (iii) for
θ = 0°, θ = 15°, θ = 30°, and θ = 45°, respectively. In each of (i), (ii), and (iii), there are four separate gray dotted lines coinciding almost on top of
each other, and they show the individual transmittance spectra of the aperture 1′ in (i), 2′ in (ii), and 3′ in (iii) for θ = 0°, θ = 15°, θ = 30°, and θ =
45°. (b) Individual transmittance spectra for the aperture pair 1−1′ in (i), 2−2′ in (ii), and 3−3′ in (iii), while θ is fixed at 15° and φ is changed. In
each of (i), (ii), and (iii), the blue, red, orange, and cyan lines show the individual transmittance spectra for φ = 0°, φ = 15°, φ = 30°, and φ = 42°,
respectively. Solid lines correspond to the aperture 1 in (i), 2 in (ii), and 3 in (iii), and the dotted lines correspond to the aperture 1′ in (i), 2′ in (ii),
and 3′ in (iii).
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spectral bands and each band is transmitted through a different
aperture pair, which shows that each aperture pair behaves as a
separate spectral channel for transmission. For the imaging
applications, these spectral bands can be detected by matching
a different detector with each aperture pair. For this purpose,
subwavelength-size photodetectors might be used under each
aperture pair of our device, and there have been some works
showing subwavelength-size photodetectors.58

The physical areas of the first (1−1′), second (2−2′), and
third (3−3′) aperture pairs in a single period are 0.1, 0.125, and
0.15 μm2, respectively. This means that the physical areas of the
first, second, and third aperture pairs cover about 3.27%, 4.08%,
and 4.9% of a single period, respectively. However, at
resonance, these aperture pairs transmit 42.53%, 50.72%, and

57.55% of light impinging on a single period. Thus, the
apertures funnel and transmit the incident light from an
electromagnetic cross-sectional area that is much larger than
their physical area.
Moreover, since the electromagnetic cross-sectional areas of

the aperture pairs are much larger than the physical areas of the
aperture pairs as well as the physical areas that are separating
the aperture pairs, there exists a very large overlapping region
among the cross-sectional areas from which the aperture pairs
get their light, which significantly diminishes the spatial
coregistration errors among different spectral channels.
We also note here that the individual transmittance spectra in

Figures 5, 6, and 7 show spectral regions of negative power flow
through the off-resonant apertures near the resonance wave-

Figure 6. Transmittance spectra of the aluminum planar subwavelength spectral light separator array for p-polarized incident light with different
polar (θ) and azimuthal (φ) angles. (a) The individual transmittance spectra for the aperture pair 1−1′ in (i), 2−2′ in (ii), and 3−3′ in (iii), while φ
is fixed at 0° and θ is changed. The blue, red, orange, and cyan lines show the individual transmittance spectra of the aperture 1′ in (i), 2′ in (ii), and
3′ in (iii) for θ = 0°, θ = 15°, θ = 30°, and θ = 45°, respectively. In each of (i), (ii), and (iii), there are four separate gray solid lines coinciding almost
on top of each other, and they show the individual transmittance spectra of the aperture 1 in (i), 2 in (ii), and 3 in (iii) for θ = 0°, θ = 15°, θ = 30°,
and θ = 45°. (b) Individual transmittance spectra for the aperture pair 1−1′ in (i), 2−2′ in (ii), and 3−3′ in (iii), while θ is fixed at 15° and φ is
changed. In each of (i), (ii), and (iii), the blue, red, orange, and cyan lines show the individual transmittance spectra for φ = 0°, φ = 15°, φ = 30°, and
φ = 42°, respectively. The solid lines correspond to the aperture 1 in (i), 2 in (ii), and 3 in (iii), and the dotted lines correspond to the aperture 1′ in
(i), 2′ in (ii), and 3′ in (iii).
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lengths, which suggests some minor crosstalk between
apertures. Some transmitted power through the resonating
apertures flows back to the input side through the off-resonant
apertures. We believe that this phenomenon agrees with the
previous observations of negative power flow in periodic arrays
of compound apertures.56 However, we also checked the overall
transmittance spectra of an entire period for all the simulated
cases in Figures 5, 6, and 7, and observed that all the values of
the overall transmittance spectra are above zero. This tells us
that even when there is a negative power flow through the off-
resonant apertures, the total power flow through the entire
structure remains positive, as expected.
One should note that the peak transmittance values in Figure

7 are all above 42% and can almost reach 60%. In comparison,
to achieve spectral selectivity, many systems rely on spectral
filters, such as spectral filter arrays (SFA),4,5,19,59−63 where each
pixel records only one spectral component of its input light,
which leads to a loss in efficiency. An SFA approach where four
separate pixels collect three different spectral components, must
have efficiencies less than 25% for at least two spectral
components.17,20,59 Moreover, in a snapshot system composed
of spectral filters, each pixel gets its input light from a separate
part of a scene, which necessitates the implementation of spatial
interpolation in postprocessing and leads to artifacts and spatial
coregistration errors between different spectral chan-
nels.4,5,11,45,46,62,63 Our device, on the other hand, achieves
simultaneous decomposition of incident light into multiple
spectral components on the same subwavelength-size pixel area,
which drastically reduces spatial coregistration errors and
eliminates the need of spatial interpolation. We should also
note that our device works better in the spectral ranges where
metals have less loss. On the other hand, visible spectrum,
where metals have significantly large loss, is also a highly
utilized spectral range in imaging applications. That is why we
have also tested our device in the visible wavelength range by

scaling the dimensions in our device, and we have not achieved
the spectral separation effect due to the higher material loss.
However, we guess that by using the concept of assembling
several deep-subwavelength resonant structures (“meta-atoms”)
formed by different device designs and different materials, such
as dielectrics, one might achieve spectral separation in a
subwavelength-size device for the visible spectrum. We think
that such a device would be a significant alternative to the
conventional color filter arrays for imaging applications.
In summary, we have shown a three-dimensional, planar,

ultrathin, subwavelength spectral light separator that allows the
simultaneous decomposition of incident light into its spectral
components. The device operates by utilizing multiple meta-
atoms, each supporting a strong, localized resonance. The
meta-atoms are based on subwavelength apertures in a metallic
film of deep-subwavelength thickness. The device is very
photon efficient, which is of great importance in multispectral
imaging applications. As a specific example of our device, we
have designed an isolated metallic structure with three different
rectangular aperture pairs, where each aperture pair is
composed of two perpendicularly oriented, same-size apertures;
and we have shown that each aperture pair effectively transmits
light in a different spectral range. In our device, electromagnetic
fields are concentrated in a different aperture pair in each
resonance wavelength. Additionally, spatial coregistration errors
between different spectral channels are quite reduced since the
areas from which the resonant aperture pairs collect their light
significantly overlap. We have shown that our device can
operate as a single, non-periodic device since it achieves
spectral separation of light without relying on any mechanism
that depends on periodicity; that being said, we have also
demonstrated that our device can operate also in an array
configuration composed of subwavelength-size unit cells.
Furthermore, we have shown that achieving spectral separation
is robust and independent of light polarization for a very large
range of angle of incidence while using aperture pairs as
detected elements. As a result of all these features, our device
suggests a photon-efficient alternative to absorptive spectral
filter arrays in multispectral imaging applications. Finally, we
have demonstrated that our device also simultaneously
separates different linear polarization components of light,
and collects their power in different apertures of aperture pairs.
This might be useful in applications that require selecting light
with a particular linear polarization, or particular electro-
magnetic field components, in addition to a particular
frequency.

■ METHODS
To simulate the devices shown in Figures 1 and 4, we use the
finite-difference frequency-domain (FDFD) method.48−50

Unlike time-domain methods, such as the finite-difference
time-domain method, the FDFD method allows us to use
experimentally measured dielectric constants for dispersive
materials such as aluminum47 without approximation.
To simulate an infinite space in which the operation of a

single isolated (i.e., nonperiodic) device shown in Figure 1 is
examined, the finite simulation domain is surrounded in all
dimensions (six boundary surfaces) by stretched-coordinate
perfectly matched layers (SC-PMLs).49,50 To simulate the
periodic device shown in Figure 4, SC-PMLs are applied only
for the top and bottom boundaries of the simulation domain,
and the Bloch boundary conditions are applied at the four
remaining sides of the domain.64,65 In both cases, the

Figure 7. Transmittance spectra of the aluminum planar subwave-
length spectral light separator array for normally incident (θ = 0°)
unpolarized light. The blue line corresponds to the individual
transmittance spectrum of the first aperture pair (1−1′), the green
line corresponds to the individual transmittance spectrum of the
second aperture pair (2−2′), and the red line corresponds to the
individual transmittance spectrum of the third aperture pair (3−3′).
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simulation domain sizes are chosen such that there are enough
distances between SC-PMLs and the apertures.
For the single isolated device shown in Figure 1, we calculate

the individual transmission cross section spectra of each
aperture and the overall transmission cross section spectra of
the entire device. To calculate the individual transmission cross
section of each aperture, we first locally measure the
transmitted power flux through each aperture on a rectangular
observation area at the exit of the aperture. The size of each
observation area is chosen such that the measured power flux
through it corresponds to the transmitted power flux through
the corresponding aperture only. Then, the individual trans-
mission cross section of each aperture is obtained by
normalizing the transmitted power flux through each aperture
with respect to the power flux density of the incident light. To
calculate the overall transmission cross section of the entire
device, we measure the transmitted power flux through the
entire structure, and normalize it with respect to the power flux
density of the incident light. Then, to obtain Figure 2, we also
perform these calculations for another simulation case where
the device material is PEC, and all the other parameters are the
same as the device shown in Figure 1.
For the periodic device shown in Figure 4, we calculate the

individual transmittance spectra of each aperture. The
individual transmittance of an aperture is calculated based on
the locally measured power flux transmitted through that
aperture only. To calculate the individual transmittance of each
aperture, we first locally measure the transmitted power flux
through each individual aperture on a rectangular observation
area at the exit of each aperture. The size of each observation
area is chosen such that the measured power flux through it
corresponds to the transmitted power flux through the
corresponding aperture only. Then, the individual trans-
mittance of each aperture is obtained by normalizing the
transmitted power flux through each aperture with respect to
the incident power flux impinging on the entire device in a
single period.
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