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Spectral light separator based on deep-subwavelength resonant apertures

in a metallic film
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We propose to funnel, select, and collect light spectrally by exploiting the unique properties of
deep-subwavelength resonant apertures in a metallic film. In our approach, each aperture has an
electromagnetic cross section that is much larger than its physical size while the frequency of
the collected light is controlled by its height through the Fabry-Pérot resonance mechanism. The
electromagnetic crosstalk between apertures remains low despite physical separations in the
deep-subwavelength range. The resulting device enables an extremely efficient, subwavelength
way to decompose light into its spectral components without the loss of photons and spatial
coregistration errors. As a specific example, we show a subwavelength-size structure with three
deep-subwavelength slits in a metallic film designed to operate in the mid-wave infrared range
between 3 and 5.5 um. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4887059]

The capability to separate light into its spectral compo-
nents without loss of photons is of great importance in many
optical applications, including spectroscopy and multispec-
tral imaging.'™ The detectors in these systems are often
large pixel arrays. With the scaling of individual pixels down
to the (sub)micron scale, there exists an increasing need to
develop such capability with a device at the single-
wavelength scale. Conventional optical devices that separate
light into its spectral components utilize either prisms or
absorbing filters."™ The former are photon efficient, i.e.,
they do not waste incoming photons, but they are much
larger than the wavelength of the light, and do not fit on indi-
vidual pixels. The latter, on the other hand, can be scaled to
the wavelength size, but they are very inefficient since such
conventional filtering involves absorption of unwanted spec-
tral components. '

Towards the goal of miniaturizing optical devices that
perform spectral separation, a significant number of works
have exploited nanophotonic structures.””’ Most of these
works utilize periodic structures, such as gratings, where the
periodicity is comparable to the wavelength of interest.
Since one typically needs at least a few periods to achieve
spectral separation, it is unlikely that any of these structures
has the potential to be miniaturized to the single wavelength
scale. As an alternative, Zhang et al. recently considered a
spectral separation device based on the anti-Hermitian cou-
pling of individual nanoscale resonators.” The overall device
was at the single-wavelength scale. However, achieving anti-
Hermitian coupling requires resonances that overlap and
interfere with each other, which as a result limits the spectral
selectivity and angular robustness of such a structure as a
spectral separating device.

In this paper, we numerically demonstrate a very com-
pact and efficient nanophotonic structure at the subwave-
length scale that is capable of decomposing light into its
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spectral frequency components. For its operation, the device
relies on the wunique optical properties of deep-
subwavelength resonant apertures in metallic films. It is well
known that many deep-subwavelength structures, including
apertures (e.g., slits,*® circular holes,'® and rectangular
holes'"), support strong resonances, and therefore, can pro-
vide spectral selectivity. It has also been shown that these
resonant structures can have electromagnetic cross sections
far exceeding their physical size.'? Here, we show that with
proper design, one can pack several of these resonators, each
tuned to a slightly different resonance wavelength, in a subwa-
velength device without causing significant interference
between them. Such a device naturally operates as a spectral
light separator on a subwavelength scale. Moreover, different
resonators collect light at different wavelengths from nearly the
same cross-sectional region. This is a very attractive feature for
multispectral imaging systems since it minimizes spatial core-
gistration errors between the different spectral channels.'?

We now illustrate this subwavelength spectral light
separator concept using a structure that consists of three
deep-subwavelength slits in a metallic film designed to oper-
ate at wavelengths between 3 and 5.5 um in the mid-wave
infrared (MWIR) range (Fig. 1). In our example, the slits are
all 30 nm wide and are formed in 1000-, 1250-, and 1500-
nm-thick metallic films. The center-to-center separation
between adjacent slits is 130 nm. For the MWIR operating
range, both the widths of the slits and the separations
between them are in the deep-subwavelength range. Without
loss of generality, we consider a silver (Ag) film and assume
air-filled slits. For comparison, we examine both the cases of
lossy and lossless silver.'*

The interaction of this structure with electromagnetic
waves is examined by solving Maxwell’s equations using the
finite-difference frequency-domain (FDFD) method.">™"*
The FDFD method allows us to directly use tabulated dielec-
tric constants of dispersive materials, such as silver, includ-
ing both the real and the imaginary parts (for lossless
materials, the imaginary parts of dielectric constants are
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FIG. 1. Geometry of the proposed subwavelength spectral light separator.
The device consists of a sequence of three parallel slits in a silver film. The
film thickness is different for each slit, but the widths of the slits are the
same. The source generates a normally incident plane wave in TM polariza-
tion which has only the E,, E,, and H. field components in this coordinate
system.

ignored). To simulate a single isolated device, we surround
the entire simulation domain by the stretched-coordinate
perfectly matched layer (SC-PML), which was proven to
produce significantly better frequency-domain solver per-
formance than the more commonly used uniaxial PML."

From the solution of Maxwell’s equations, we measure
the transmission cross section or(4) as a function of wave-
length. Here, we are more interested in the transmission
cross section of each individual slit rather than the transmis-
sion cross section of the entire structure, where the latter is
more commonly used in analyzing structures with resonant
apertures.20 To calculate the individual transmission cross
section of each slit, we first calculate the transmitted power
through each slit. For this purpose, we excite the structure
with a normally incident monochromatic plane wave (the
green line in Fig. 1) having the transverse magnetic (TM)
polarization, which has only the E,, E|, and H. field compo-
nents in the coordinate system we use. We calculate the
transmitted power through each slit on a line patch very
close to the exit surface of the slit. The width of the line
patch is chosen in such a way that the power flux through it
measures the transmitted power through an individual slit.
The individual transmission cross section of each slit is then
obtained by normalizing the individual transmitted power of
each slit with respect to the incident power flux density. To
calculate the overall transmission cross section of the entire
structure, we calculate the transmitted power through all the
three slits on a single connected line patch that covers all the
exit surfaces of the slits, and normalize this power with
respect to the incident power flux density.

Figure 2 shows the transmission cross section spectra
for the lossy and lossless silver cases. The overall transmis-
sion cross section spectra in Fig. 2(d) show clear resonant
behavior at the three different wavelengths, i.e., at 3411 nm,
4182nm, and 4870nm. The individual transmission cross
section spectra in Figs. 2(a)-2(c) identify these resonances
as belonging to the first, second, and third slit, respectively.
The resonances are the result of the Fabry-Pérot-like

Appl. Phys. Lett. 105, 011114 (2014)

15F

0.75 ¢t IR

o (Um)

0 (um)

o (um)

o (Um)

Wavelength (um)

FIG. 2. Transmission cross section spectra of the subwavelength spectral
light separator. The solid red lines show the transmission cross section spec-
tra for lossy silver, whereas the dashed blue lines correspond to lossless
silver. (a) The individual transmission cross section spectrum for the first
slit. (b) The individual transmission cross section spectrum for the second
slit. (¢) The individual transmission cross section spectrum for the third slit.
(d) The overall transmission cross section spectrum for the entire film.

behavior of the cavity modes supported by the deep-
subwavelength slits for TM polarization.” The peak wave-
lengths of the transmission cross section resonances depend
directly on the heights of individual slits. Indeed, we find
that the resonance wavelength ratio is approximately equal
to the height ratio of the slits, with a small redshift in the res-
onance wavelength due to the coupling to free-space
modes.?!

The transmission cross section of each 30-nm slit is on
the order of micrometers at its resonance wavelength. For
lossless silver, the peak transmission cross section for each
resonance is very close to the maximal theoretical transmis-
sion cross section for an individual deep-subwavelength
slit, which is 1/ 7.%° For lossy silver, the peak is reduced
somewhat, but the resonant behavior clearly persists. For
example, when the slits are on resonance, the transmission
cross sections in lossy metal case are 0.679 um, 0.731 um,
and 0.790 um for the first, second, and third slit, respectively.
These values are more than 20 times the physical width of
the slits (30 nm). Thus, while losses in the metal reduce the
transmission cross sections, the peak transmission cross sec-
tions remain much larger than the physical size of the slits,
and the transmission cross section resonances remain well
separated in the frequency domain. Hence, spectral funnel-
ing, selection, and collection of light can be achieved with
this device for realistic metal properties.
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Even though the slits are physically very close to each
other, i.e., at distances much smaller than their peak trans-
mission cross sections and operating wavelengths, light of
different wavelengths is funneled effectively to different slits
(depending on its resonance wavelength). The transmission
cross section for each slit is very small for all of its off-
resonance wavelengths (particularly at the resonance wave-
lengths of other slits). Hence, the transmission cross section
spectra shown in Fig. 2 exhibit negligible spectral crosstalk.
This behavior is quite different from earlier reports on
closely spaced arrays of nanoantennas with anti-Hermitian
coupling, which shows selective excitation of individual
antennas but with much larger interference effects.’” As a fur-
ther evidence of the lack of spectral crosstalk in this struc-
ture, Fig. 3 shows the magnetic field amplitude distribution
(|H.|) of the structure at the resonance wavelength of each
slit. In each case, the field is concentrated in just one slit.
Thus, light is funneled to only one slit at each resonance
wavelength.

It has been shown that a single deep-subwavelength slit
has a response that is independent of the angle of inci-
dence.?® As we show here, bringing such slits together does
not introduce significant interaction between them.
Therefore, the response of our spectral light separator should
not depend on the angle of incidence either. In addition, the
effect of spectral light separation occurs for light incident
both from the top and the bottom of the thin metal film since
it arises from the slit resonances, which can be excited from
both sides. We also note that in this spectral light separator
design, while the maximum field strength is at the interior of
the resonant slits, there is still significant field strength at the
exits of the resonant slits. Moreover, by placing the structure
on a high-index substrate, the fields can be concentrated at
the exit.*>

In general, by tuning the geometrical properties of the
apertures, we can control their resonance behavior. For the
structure shown in Fig. 1, the width and height of each slit
control its resonance behavior. For example, we have
observed that an increase in the width decreases the quality
factor of the resonance, whereas an increase in the height
causes a redshift in the resonance wavelength. One can also
change the resonance properties by adding a dielectric inside
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or outside the slits. These procedures lead to a series of very
straightforward design rules for this subwavelength spectral
light separator.

As a side note, the individual transmission cross section
spectra exhibit regions of negative transmission (Figs.
2(a)-2(c)). Near the resonance wavelength of each slit, there
is negative power flow in the other slits that are off-
resonance. This phenomenon is reminiscent of previously
reported observations of negative power flow in periodic
arrays of compound apertures.”> However, our work here
differs in that we consider aperiodic structures.

In an ideal multispectral imaging system, all spectrally
selective detectors within a pixel should collect light from
the same area of a scene in order to determine the spectral
components (hence the "color") of that area. If this is not the
case, spatial coregistration errors between different spectral
channels can occur.'? We illustrate this concept in Figs. 4(a)
and 4(b). In Fig. 4(a), each of the three detectors (squares
with differently colored outlines) detects a different spectral
band, but gets its light from a different area in the scene
(represented by the sequence of black and white regions at
the top). In this case, the spectral components (hence the
"color") of the white middle region of the scene are not fully
captured by the imaging system. In contrast, Fig. 4(b) repre-
sents the ideal case, where each of the three spectrally selec-
tive detectors collects light from the same physical area;
therefore, all the spectral components of the white middle
region of the scene are detected, resulting in the full capture
of the spectral information of that region by the imaging
system.

We now illustrate that our design approaches the ideal
case of Fig. 4(b), i.e., the slits in our subwavelength spectral
light separator funnel and collect light from essentially the
same physical area. For this purpose, we illuminate the struc-
ture with a top-hat monochromatic wave source with a spa-
tial width of 1 um. In our first set of calculations, we choose
the frequency of the source to correspond to the resonance
wavelength of the first slit. We shift the source horizontally
(in the x-direction) and plot the power captured in the first
slit as a function of source position as the blue curve in
Fig. 4(c). Here, the power is normalized against the maxi-
mum captured power. We call this the spatial response. The
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FIG. 3. Magnetic field amplitude dis-
tributions of the subwavelength spec-
tral light separator excited at the
resonance wavelength of each slit.
(a)—(c) show the field amplitude distri-
butions at A=3411nm, 2=4182nm,
and A =4870nm, corresponding to the
resonance wavelength of the first, sec-
ond, and third slit, respectively.
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FIG. 4. Spatial response of the subwavelength spectral light separator. (a) A
multispectral imaging system with spatial coregistration errors between
three spectral channels (4;, 4,, and 43). (b) A system based on our subwave-
length spectral light separator eliminates spatial coregistration errors. (c)
Spatial response of the subwavelength spectral light separator. The blue,
green, and red lines correspond to the response of the first, second, and third
slit at their respective resonance frequencies. x. shows the position of the
1-um-wide top-hat source, which is shifted to calculate the spatial response.
Jav 18 the average of the three resonance wavelengths.

spatial region where significant power is captured in the first
slit defines the physical area from which the slit is capturing
power. We repeat the same procedure above to compute the
physical areas from which the second and third slits capture
power (green and red curves in Fig. 4(c)). The average of the
three resonance wavelengths /,, is also drawn to scale in
Fig. 4(c) for comparison.

Figure 4(c) shows that each slit captures power from an
area that is centered at the slit, and this area has a width com-
parable to the transmission cross section of the slit. Since the
spacing between the slits is at the deep-subwavelength scale,
and the transmission cross sections are much larger than the
slit widths, we see that the areas from which the slits capture
power significantly overlap. In other words, each slit collects
photons of a particular frequency from virtually the same
broadband source area whose width is comparable to the
wavelength size. As a result, our device eliminates spatial
coregistration errors between spectral bands in multispectral
imaging.

In summary, we have shown that a sequence of deep-
subwavelength apertures in a metallic film can be designed
to decompose light into its spectral components while being
subwavelength in size and at the same time extremely
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photon-efficient, which is of great importance in multispec-
tral imaging applications. As a specific example of such a
subwavelength spectral light separator, we have designed a
metallic structure with three deep-subwavelength slits and
calculated the individual and overall transmission cross
section spectra to show resonances in transmission. To dem-
onstrate the feasibility of the structure, we compared the per-
formance of the structure made of lossless metal with that of
lossy metal. We have also shown that the electromagnetic
field is concentrated in only one slit at that slit’s resonance
wavelength. Finally, we have demonstrated that different
slits capture light coming from the same area, which elimi-
nates spatial coregistration errors in multispectral imaging.
The size of the entire structure is at the subwavelength scale.
Thus, this device can be used to create much more compact
filtering devices, thanks to the unique properties of deep-
subwavelength apertures.
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