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Transmission metallic gratings having the shape of converging-diverging channel (CDC) give an extra degree of freedom to ex-
hibit enhanced transmission resonances. By varying the gap size at the throat of CDC, the spectral locations of the transmission
resonance bands can be shifted close to each other and have high transmittance in a very narrow energy band. Hence, the CDC
shape metallic gratings can lead to almost perfect transmittance for any desired wavelength by carefully optimizing the metallic
material, gap at the throat of CDC, and grating parameters. In addition, a cavity surrounded by the CDC shaped metallic grating
and a one-dimensional (1D) photonic crystal (PhC) can lead to an enhanced emission with properties similar to a laser. The large
coherence length of the emission is achieved by exploiting the coherence properties of the surface waves on the gratings and PhC.
The new multilayer structure can attain the spectral and directional control of emission with only p-polarization. The resonance
condition inside the cavity is extremely sensitive to the wavelength, which would then lead to high emission in a very narrow
wavelength band. Such simple 1D multilayer structure should be easy to fabricate and have applications in photonic circuits, ther-
mophotovoltaics, and potentially in energy efficient incandescent sources.

Copyright © 2007 Arvind Battula et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In late 1980s, the concept of photonic crystals emerged,
which initiated new studies of gratings, as examples of one-
dimensional (1D) periodic media [1, 2]. Since then, some
theoretical studies have been done on the transmission grat-
ings, but they did not receive much attention because it was
thought that the transmission through the subwavelength
apertures is very low according to the standard aperture the-
ory by Bethe [3], which states that the transmission through
a subwavelength circular hole (r < 1) in an infinitely thin
perfectly conducting metal sheet would scale uniformly with
the ratio of 7 to A to the power of four. But, an extraordinary
transmission (EOT) of several orders of magnitude more
than Bethe’s prediction has been reported through an array
of subwavelength holes milled in an opaque metal screen [4].
The underestimation of transmission by Bethe’s theory is be-
cause it is too idealized to consider the surface modes that
might be involved and also propagating of evanescent modes
that could be excited inside the holes [5]. Subsequently, en-
hanced transmission through hole arrays in metal films has
been studied in great detail both theoretically and exper-
imentally. This has sparked renewed interests in studying

the transmission gratings (or slits), which are 1D version of
the hole structures studied by [4], to explain the underlying
physics for enhanced transmission. However, the transmis-
sion properties between slit and hole arrays have a funda-
mental difference. In a slit waveguide, there is always a propa-
gating mode inside the channel, whereas in a hole waveguide
all modes are evanescent when hole diameters are smaller
than half the wavelength, and there is a cutoff frequency for
transmission [6]. Hence, the slit and hole array structures
have very different propagation mechanisms. But, it is be-
lieved in general that the EOT phenomenon is mainly due
to the surface plasmons polariton (SPP) modes trapped at
the interface of metal and dielectric. The SPPs are actually
quanta of collective plasma oscillations localized at interface
of a metal and dielectric [7]. However, not all agree on the
same SPP mechanism for the enhanced transmission phe-
nomena [8, 9]. Nevertheless, according to several other theo-
retical and experimental studies, the enhanced transmission
process through subwavelength metallic hole array (MHA)
can be divided into three steps: the coupling of light to SPPs
on the incident surface, transmission through the holes to the
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second surface, and then reemission from the second surface
[5]. In addition, diffraction plays a central role in the trans-
mission process through subwavelength holes or gratings.
When a plane wave is incident on grating array, the diffrac-
tion leads to evanescent wave. After the transmitted evanes-
cent wave reaches the far end of the array, it gets diffracted
again producing a propagating transmitted wave. Therefore,
the transmission enhancement occurs when the diffraction
aids in coupling the incident light and the SPP modes of
the metal structure [10]. It was also reported that for lamel-
lar transmission metallic gratings, there are two transmis-
sion resonances: coupled SPP modes on both the horizon-
tal surfaces of the metallic grating for A~d, and cavity or
waveguide modes located inside the slits for A > d [11].
SPPs will be resonantly excited on the gratings only when the
higher-diffraction order along with the incident parallel mo-
mentum equals SPPs momentum according to the equation
Kspp = K, sin(0) = m (27/d).

In thermal source, the light generation at the microscopic
level is a spontaneous emission of photon when an emitter
thermally excited relaxes to a lower state. Unlike the laser
which produces highly directional and monochromatic light,
thermal light source is isotropic with a broad spectrum. But
the thermal source of light is coherent in the near field, that
is, within a distance from the surface that is much smaller
than the emission peak wavelength of the spectrum [12—-14].
The coherence is due to the role of surface waves. Hence, a
roughness or a grating on the surface can couple these waves
to propagating waves, which will extend the coherence prop-
erties into the far field. Thus, by modifying the characteris-
tics of the surface profile, the near field coherence proper-
ties can be extended to far field in a particular direction at
a given wavelength. This has been observed first on a doped
silicon grating supporting a surface plasmon polariton (SPP)
[15]. Similarly, a peak in the thermal emission by gratings on
ZnSe [16], gold [17], and SiC [18] was also observed. For
these grating structures, it was noted that the excited sur-
face waves could couple to the emitted radiation for the p-
polarization only. No lobe of emission has been observed for
s-polarization since, in this case, the SPPs or surface waves
cannot be present [19].

In the present study, we propose a subwavelength grat-
ing with converging-diverging channel (CDC) for extraordi-
nary transmission and in combination with one-dimensional
(1D) PhC for enhanced emission. For the emission, there is
a cavity between the CDC grating and the 1D PhC. Here, we
could make use of the surface waves that could be present
on both the metallic gratings and in the PhC structure. The
1D PhC considered is made of lossless dielectrics (SiO, and
InSb) with refractive indices given by [20] ngio, = 1.46 and
nmsb = 3.95. A freely available MIT photonic band (MPB)
package was used for calculating the photonic band struc-
ture (PBS) of the PhC. The first or lower bandgap in the PBS
is between the normalized frequency range of 0.136 to 0.217.
So, a PhC having a unit cell thickness “a” of 100 nm has first
bandgap wavelength range that is between 460 nm to 735 nm.

According to Kirchhoff’s law, the directional spectral
emissivity (&y9) can be determined by using 1—prg — a6
[21] where the directional spectral reflectance, (p)9), and the
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FIGURE 1: Schematic view of the lamellar transmission metallic grat-
ing with converging-diverging channels in vacuum with grating pa-
rameters as period (d), aperture (a), and thickness ().

directional spectral transmittance, (7)), are evaluated by us-
ing a plane monochromatic wave incident from the air at an
angle of incidence “6” as shown in Figure 1. In the figure,
we show a schematic view of a metallic grating with CDC in
vacuum that was studied with the definition of different pa-
rameters: the period of grating (d), the aperture width (a),
the grating thickness (t), and the gap at the throat (g). The
gap sizes were varied from 0.5 ym to 5 nm. It is plausible to
use Maxwell’s equation when the absolute lower limit of the
length of macroscopic domain is 10 nm [22]. Therefore, it is
assumed that the results obtained in the present study for gap
of 5nm will be rational. Nevertheless, it should be pointed
out that the effects discussed in this study do apply for any
other range of grating parameters provided that the aper-
ture width is very small in comparison to the grating period.
Also, the frequency of incident light has to be well below the
plasma frequency of the metal [11]. The dielectric function
of metals described in this study is from the tables reported in
[20, 23]. The transmission for metallic lamellar gratings with
transverse electric (TE) polarization suffers a cutoff wave-
length [24]. Hence, we have analyzed the metallic gratings
with only TM polarization (magnetic field vector parallel to
the gratings) in order to study whether the enhanced trans-
mission could be achieved for any desired wavelength with
the CDC structure. The resulting governing equation for the
time harmonic electromagnetic fields, with the dependent
variable as magnetic field in the z-direction (H;), is same as
Helmholtz equation. Commercially available finite element
software (FEMLAB 3.1i) was used for solving the governing
equation. The 2D computational domain is surrounded by
either a periodic boundary with perfect electric condition or
a perfectly matching layer (PML) [25]. Since the proposed
study has a structure that is periodic in 1D and has the length
of the grating larger than the period of the grating, then the
resulting computational domain would be a 2D domain. The
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FIGURE 2: Zero-order transmittance for a normal incident plane
wave on lamellar gratings in vacuum for different channel config-
urations, but with the same grating parameters as (a) d = 3.5 ym, a
= 0.5pm, and ¢ = 3.0 ym in gold film; (b) d = 650 nm, a = 300 nm,
and ¢ = 500 nm in silver film.

transmittance (7) and reflectance () of the CDC grating
were calculated from the obtained electromagnetic field dis-
tributions as follows:

(Hz ) Hz>i< )pl,p
(Hz ’ Hz*)Pl,I ’

(Q . Q*)pz,p

T = =0
1 (Hz ' Hz*)m,l

(1)

where Q = (H, — (0H,/dy)/(ik cos(0))), H; is the magnetic
field, k is the wave vector, 0 is the angle of incidence, and
subscripts F and I indicate the incident and final transmitted
energy. P1 and P2 indicate the planes below and above the
grating.

Figure 2 shows the zero-order transmittance for normal
incident radiation as a function of wavelength for differ-
ent channel configurations. The CDC with 5nm gap at the
throat has a remarkable transmission in a very narrow wave-
length band. The two transmission peaks for the straight

channel are identified as the SPP and waveguide coupled res-
onance (~3.9 ym) and waveguide resonance (~7.4 ym) [11].
Although the two transmission peaks seen for the converg-
ing channel are located at almost the same resonance wave-
lengths as for the straight channel, the transmittance is much
lower, which is explained later. For CDC, the locations of
transmittance peaks have changed in spectral positions and
are approaching each other as the gap at throat decreases,
as seen in Figure 2(a). This would lead to a high transmis-
sion in a very narrow wavelength band, and the transmit-
tance is almost negligible everywhere else in the considered
wavelength range. A closer look at Figure 2(a) would also tell
that the resonances for CDC occur at wavelengths which had
lower transmittance with a straight channel. Similar kind of
behavior can be observed at different wavelengths for the sil-
ver gratings (Figure 2(b)).

By varying the angle of incidence “0,” we can calculate the
PBS and w(ky), of these transmission resonances or surface
excitations of the metallic gratings. Using the photonic band
structure (PBS), both the spectral position and the width of
transmission peaks can be found. In Figure 3(a), we show the
PBS of a CDC gold grating with 100 nm gap at the throat in
vacuum. Also, we show the energetic positions of the SPP
modes (white dashed lines) for a nearly flat metal surface.
Figure 3(a) shows that there are two transmission resonance
bands, with the higher-energy band following close to the
SPP mode energetic positions and lower-energy band shifts
in spectral location with the angle of incidence “6.” For the
transmission resonances, the phases across the grating have
to be in-phase for a Fabry-Perot or waveguide kind of res-
onance to occur [26]. With further decrease in the gap at
throat to 50 nm (see Figure 3(b)), the band at the lower en-
ergy has become more dependent on “60,” and the transmit-
tance above the first-order diffraction has increased more,
but now over a shorter range of energy spectrum when com-
pared to that of the 100 nm gap (see Figure 3(a)). When the
gap at the throat of CDC reduces the high-transmission res-
onance, bands in the PBS change from their previous en-
ergy positions, and the bands appear to approach each other
(see Figure 3). Hence, it should be pointed out that with very
small gap at the throat, the transmission over the entire en-
ergy spectrum could be made high only in a very narrow
band. The shifting of transmission resonance band with the
gap at the throat of the CDC can be seen in Figure 4, where
the transmittance of CDC aluminum grating as a function
of wavelength in UV-visible range and gap size at the throat
is shown. The full width at half maximum (FWHM) of the
transmission peak shrinks with the reduction in the throat
gap. In addition, the transmission peak magnitude declines
with the throat gap. This is due to two things: (i) the shift
of transmittance peak to lower wavelengths that is accompa-
nied by (ii) the change in the channel shape, which might
increase the skin depth that would subsequently increase the
absorption. Also, it is to be noted that the slight reduction
in the transmittance peaks happens in the UV-visible range,
and it is not observed at higher wavelength range since the
skin depth remains constant for those wavelengths.

The normalized magnitude of the x-component electric
field (|Ex|) along the center line of the channel at ~6.35 ym
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FiGure 3: Photonic band structure of the surface plasmons respon-
sible for the transmission resonances of gold gratings in vacuum
with slit shape as (a) CDC with g = 100 nm and (b) CDC with g =
50 nm. The grating parameters are fixed at d = 3.5um, a = 0.5 ym,
and t = 3.0 ym. Also, energetic positions seen in figures are (white
dashed lines) of the SPP modes.

wavelength for the converging channel and CDC is shown in
Figure 5. The variation of |Ex| in the channel is proportional
to the distribution of charges on the metallic grating chan-
nel surfaces. Also, by looking at the |E,| distribution along
the channel would tell whether the wave inside the channel is
in-phase or out-of-phase. In Figure 5(a), we show that when
the gap is 500 nm, the wave inside the channel is an out-of-
phase standing wave. This is because the minimum magni-
tude (or node) is not at the center of the channel, and the
magnitudes near the end of channels (or antinodes) are not
equal. This indicates that at the end of channel, the dipoles
have unequal strength which could be due to the destructive
interference of the wave inside the channel [24]. The surface
charges oscillate between these two antinodes leading to the

Transmittance

FIGURE 4: Transmittance in vacuum for CDC gratings as a function
of the wavelength and distance at the gap of throat for the aluminum
gratings having d = 315nm, a = 125nm, and ¢ = 100 nm.

surface current that couples to the incident light and trans-
mits it to the other side of grating. With the decrease in gaps
near the throat, the node moves further away from the cen-
ter, and hence the wave inside the channel goes more out-
of-phase. Also, when the gap near the throat keeps decreas-
ing, the dipole at the throat starts to gain in strength and
becomes stronger than the dipole at the other end of chan-
nel. This causes very less net current or energy to flow out
of the channel. Similarly, by looking at the |E,| distributions
in Figure 5(b), we show that the wave inside the channel of
CDC is a standing wave for different gaps near the throat.
As the gap in CDC keeps decreasing, the node keeps moving
toward the center of channel. Also, the magnitudes of |E,|
at two antinodes are increasing and becoming equal. This
shows that the CDC shape of the channel is aiding the wave
inside the channel to become an in-phase standing wave. The
condition for in-phase resonance inside the channel is given
by [26] 2Kt + A¢ = m2m, where “K” is the wave vector of
the resonance, and “Ag” is the phase change on the aperture
of the slits. The role of throat is that for various gap sizes the
length of the channel surface would change and hence would
result in having different resonance wave vector. This can be
seen from Figure 5(b) where it is shown that at 6.35 ym wave-
length the high transmittance happens at 200 nm gap near
the throat, which has a standing wave inside the channel that
is in-phase. A small decrease in the gap from 200 nm makes
the standing wave inside the channel to go out-of-phase, and
so the transmittance decreases. When the gap at throat be-
comes smaller, then the charges at throat gain strength, just
like in the case of converging channel (see Figure 5(a)). This
would not allow light to transmit more efficiently.

Normal emittance spectrum with p-polarization for the
CDC grating with 5nm gap and 1D PhC with various cav-
ity lengths can be seen in Figure 6(a). The 50nm cavity
length has one smaller emissive peak at lower wavelength.
But, when the cavity length is increased to 100 nm then the
emissive peak present at lower wavelength would increase
in magnitude, and the spectral position of the peak moves
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FiGure 5: Normalized electric field x-component (|E,|) at an inci-
dent wavelength of 6.35 ym along the channel center line of a gold
grating in vacuum with (a) converging channel and (b) CDC for
different gaps at the throat and grating parameters as d = 3.5 ym, a
=0.5um, and ¢ = 3.0 ym.

to a bigger wavelength or has a red shift. When the cav-
ity length increases further to 200 nm, then the only emis-
sivity peak in the entire wavelength range of interest will
have magnitude almost close to unity. The spectral posi-
tion of the peak would have a further red shift. Figure 6(a)
also shows that the 300 nm cavity length would have a high-
emissive peak with an additional red shift. The spectrum of
normal emittance for the 320 nm cavity length has several

Distance from the CDC grating throat (nm)
(b)

FIGURE 6: (a) Normal emittance spectrum with p -polarization in
vacuum for Ag CDC grating having the parameters A = 250 nm,
h =100nm, t = 100nm, g = 5nm, and a photonic crystal having
the parameters a = 100 nm, d, = d, = 50 nm with cavity length L =
50 nm, L = 100 nm, L = 200 nm, L = 300 nm, L = 320 nm; (b) electric
field intensity distribution normalized to the incident along the line
passing through the center of the CDC grating throat and into the
photonic crystal with cavity lengths L = 100 nm, L = 200nm, L =
300 nm, and at respective normal emissive peak wavelengths.

narrow peaks towards higher-band wavelength. The FWHM
of the emissive peaks for the cavity length of 100 nm and
200 nm is the same and is around 4 nm. For the 300 nm cav-
ity length, the FWHM is around 5nm. Hence, Figure 6(a)
shows that by varying the cavity length would result in the
red shift of the emissive peak, and the FWHM of the peaks
will be around 4-5 nm. In addition, according to the Wiener-
Khinchin theorem the width of the emission spectrum peak
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intensity distribution normalized to the incident along the line passing through the center of the CDC grating throat and into the photonic
crystal with (b) L = 350 nm, L = 400 nm, L = 500 nm, L = 600 nm, and at respective higher normal emissive peak wavelengths (c) L = 600 nm,

L =690 nm, and at respective lower-normal emissive peak wavelengths.

is inversely proportional to the coherence time [27]. This
would then suggest that the cavity length is a good degree
of freedom for achieving a tunable monochromatic ther-
mal emitter for any desired wavelength with large tempo-
ral coherence. Figure 6(b) shows the electric field intensity
distribution normalized to the incident along a line passing
through the center of the CDC grating throat and into the
1D PhC. The intensity variation in the cavity seems to be like
a first harmonic standing wave between the Ag grating and
1D PhC. The magnitude of the electric field intensity varia-
tion in the cavity increases with the cavity length, suggesting
that the increase in emissive peak magnitude is due to the

increase in the cavity resonance strength. Also, in 1D PhC,
the electric field intensity decays within a smaller number of
unit cells for larger cavity lengths. Hence, Figures 6(a)-6(b)
show that the high absorption or emission is mainly due to
the strong resonance in the cavity, and the condition for the
resonant wavelength changes with the cavity length.

For a CDC, grating with 5nm gap at the throat and 1D
PhC with an increased cavity length from 320 nm to 350 nm
has resulted in reducing the larger peaks present at higher
wavelengths, as is evident in Figures 6(a) and 7(a). An addi-
tional increase in the cavity length to 400 nm has red shifted
the spectral position of the emission peak present at lower
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wavelengths, and also the magnitude of the emissivity peak
has increased. In addition, at this cavity length there are no
emission peaks near the larger wavelengths. When the cav-
ity length is increased to 500 nm, then the emittance peak in
the spectrum, as shown in Figure 7(a), has further red shifted
and is almost in the middle of the wavelength range of inter-
est. But, a closer look on the normal emission spectrum in
the lower-wavelength range shows that there is a very small
peak in the emission indicating that there could be an onset
of even higher resonance in the cavity, as shown later. With
the cavity length increased to 600 nm, the larger emission
peak in the spectrum has further red shifted, and the smaller
emission peak has gained in strength with a similar red shift.
But the normal emittance spectrum, for the cavity length of
690 nm, has multiple emission peaks at higher wavelengths,
and the emission peak at the lower wavelength has gained
further in the magnitude with all of the emission peaks hav-
ing red shift. Figure 7(b) shows the electric field intensity dis-
tribution normalized to the incident along the line passing
through the center of the CDC throat and into the 1D PhC, at
the spectral positions where the emission spectrum has large
peaks for the cavity lengths of 350 nm, 400 nm, 500 nm, and
600 nm. From the figure, it can be seen that for all the cav-
ity lengths considered, the resonance in the cavity is similar
to a second harmonic resonance of a standing wave. There-
fore, as the cavity length increases the spectral position of the
emission peak due to the second harmonic resonance would
have red shift, as observed similarly for the first harmonic
resonance in Figures 6(a)-6(b). When the cavity lengths in-
crease beyond a certain range, then there would be an onset
of higher-order resonances at lower wavelengths and this is
shown in Figure 7(c). In this figure, the normalized electric
field intensity distribution is shown along the same line as the
previous cases but for wavelengths where the spectral emis-
sion has peaks in the lower wavelength. The intensity distri-
bution shows that the cavity has a resonance that is similar to
a third harmonic standing wave.

In conclusion, we have shown that CDC metallic grat-
ings with narrow and deep slits can have enhanced transmis-
sion resonances for wavelengths larger than the periodicity of
the grating and have high-transmission resonances in a very
narrow energy band. Also, it has been shown that a thermal
emitter with a cavity surrounded by a CDC metallic grating
and 1D PhC has very sharp spectral emission peak. This is
mainly due to the strong resonances in the cavity supported
by the CDC grating and 1D PhC. Thus, the emitter is tun-
able to various wavelengths with the choice of right materials
along with the parameters of the grating, cavity length, and
1D PhC. Hence, the metallic subwavelength gratings with
CDC can have important applications in optical communi-
cations, biological sensing, and optoelectronics.
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