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Abstract We demonstrate a single deep subwavelength
slit for efficiently improving the excitation of surface
plasmon polaritons (SPP) on metals through raising the
dielectric permittivity of the output surrounding medium
and numerically investigating their physical properties.
Via adjusting the slit width and the output permittivity,
either SPP launching intensity or its efficiency can be
enhanced by almost 25 times and 170 %, respectively,
compared with that under the symmetric surroundings.
The underlying mechanisms are attributed to the spatial
distribution change of the transmitted field and the plas-
mon density of state (DOS).

Keywords Surface plasmon polaritons - Excitation
efficiency - Diffraction - Plasmon density of state

Introduction

The extraordinary optical transmission through the dis-
persive metallic subwavelength structures has been in-
vestigated for several years. It is thought that the sur-
face plasmon polaritons (SPP) play a crucial role in this
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regime and open a new way in nanophotonics. There-
fore, how to elevate or what factors will affect the
launching efficiency of SPP is inevitably a very impor-
tant issue. Recently, many SPP-based metallic nano-
structures with different designs have been proposed
and studied in both theory [1-5] and experiment [6-9]
and attempted to solve this problem. However, these
complex structures are usually very hard to fabricate
in practice. Even though employing an oblique illumi-
nation method can obtain the unidirectional enhance-
ment of SPP intensity [10—12], this is not common in
practice. Thus, how to effectively and easily improve
the intensity and efficiency of SPP becomes much more
needed. On the other hand, the surrounding dielectric
medium of subwavelength apertures is also a significant
factor to influence the SPP excitation [3, 4], but less
attention has been paid to either this parameter or the
electromagnetic behavior generated in structures with
this parameter, such as interference, which would affect
the calculated accuracy.

In this paper, we demonstrate that a further boost of
the launching intensity and efficiency of SPP can be
achieved by exploiting a single subwavelength metal slit
covered by a semi-infinite dielectric medium in the
transmission region. On the basis of the finite-
difference time-domain (FDTD) simulation, we find
some interesting patterns of the transmitted field distri-
bution with varying the slit width and dielectric permit-
tivity €, of the output surrounding medium. We propose
that the special distribution change of the transmitted
field, due to the diffraction generated at the slit exit
opening, and the plasmon density of state are the main
mechanisms. This structure is simple and easy to pro-
duce with high SPP efficiency, which can be widely
used for subwavelength optoelectronic devices.
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Methodology

A schematic plot of the structure under consideration is
sketched in Fig. 1, where a silver thin film is chosen to be
the metal material, accompanied with an air slit cut through
the film whose width is denoted by w. The substrate of the slit
is air, and the semi-infinite coating material above the film is a
dielectric medium with permittivity £;. A time-harmonic
monochromatic Gaussian plane wave normally illuminates
the slit from below with the wavelength of A\g=1 pum, whose
magnetic field /, has the same direction as the slit (transverse-
magnetic polarization). The permittivity of silver is described
by Drude polarization model with a value of ¢,,=—48.8+3.16i
at this wavelength [13].

The reason why we do not choose finite thickness of di-
electric medium is because the effects on the calculation result
are different for different thickness of dielectric medium. For
one wavelength thickness of the dielectric medium, as shown
in Fig. 2a, the beam transmitted from the slit will be reflected
partially back into the dielectric medium at the glass and air
interface. According to Fresnel’s law, when a light propagates
from a optically denser medium into an optically thinner me-
dium with small incident angles, the phases of the reflection
and incident wave on the interface are opposite, leading to
destructive interference patterns occurring in the dielectric
slab, which will make large calculated error. However, if the
dielectric medium is very thin, the interference pattern does
not occur and will not influence the calculated result, as shown
in Fig. 2b. In order to reduce unnecessary errors, we use an
infinite thickness of dielectric medium to simulate the electro-
magnetic field distribution.

Here, we define several parameters: the transmission effi-
ciency 7, which is defined as the ratio of the integrated
Poynting vector in Y direction over the slit exit opening to
that over the entrance opening; the SPP intensity is defined to
be the integration of the modular square of the magnetic field
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Fig. 1 Schematic plot of a single subwavelength slit structure in silver
film associated with air substrate, air-filled slit, and surrounding dielectric
medium with permittivity £,. A plane wave illuminates the structure in the
Y-axis direction from below with the wavelength of A\g=1 pum. The
distances H;, H,, and Hs are taken from Ref. 3
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Fig. 2 Simulated magnetic field distribution Hz of Ref. 3 when a glass-
filled slit is illuminated by the incident with the wavelength of A=
500 nm, where the slit width is 150 nm, the thicknesses of glass slab
placed on the metal are 500 nm (a) and 100 nm (b), respectively. The
dashed lines represent the interfaces of glass and air

along Hy; the SPP launching efficiency 7 refers to be the ratio
of the SPP intensity to the transmitted field total intensity. The
integration path of the total intensity is along the double arrow
solid lines, including radiative field and SPP.

Results and Discussion

First, we choose several slit widths w from 100 to 400 nm to
simulate by using the FDTD method. For each case, the di-
electric permittivity of the surrounding medium in the output
space is gradually increased, making the whole structure
changed from a symmetric surrounding (with the same per-
mittivity above and below the slit) to asymmetric ones (with
different permittivities on both sides of the slit). Under each
circumstance, the slit width is fixed, but the slit depth is coor-
dinated to satisfy the SPP resonance in the slit so that the
maximum energy flux can be obtained at the slit exit opening.
Through this adjustment, the influence of the film thickness
on the SPP launching cannot be considered again. In simula-
tions, the Y component Poynting vector is integrated respec-
tively over the exit or entrance apertures of the slit, and the
calculated transmission efficiencies 7 are shown in Fig. 3a. It
is seen that for each slit width, T"at small €, remains almost the
same values as that under the symmetric surroundings (£,=1)
and then gradually decreases with the increase of €,. In addi-
tion, the curve of transmission efficiency begins to shift down-
ward for the broad slit. These results indicate that the electro-
magnetic energy transmission to the slit exit opening becomes
less with increasing both the output permittivity and the slit
width. It is in sharp contrast to the traditional idea that much
more energy can transmit from larger apertures, especially for
the larger output permittivity, in which the slit is not a sub-
wavelength slit any more compared with the wavelength in
the output space.

Then, we calculate the SPP intensity through integrating
the modular square of the normalized magnetic field from
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Fig. 3 Calculated transmission
efficiency T (a) and SPP intensity
(b) as a function of the dielectric
permittivity of the output medium
at several slit widths

both transverse sides of the slit, as shown in Fig. 3b. At first
glance, each curve presents a rising tendency with lager di-
electric permittivities, but with a rising rate inversely propor-
tional to the slit width. For example, the maximum SPP inten-
sity increases more than ten times at w=100 nm, but it is only
about one time at w=400 nm. We can conclude that the large
intensity of SPP can be achieved with the large output permit-
tivity and the small slit width. More interestingly, the condi-
tions for gaining large SPP intensity correspond to those for
getting low transmission efficiencies of the slit. Accordingly,

Fig. 4 Simulated near-field
distributions of the normalized
magnetic field Hz with £,=4 (a)
and £,=14 (b) at w=100 nm. (c)
and (d) represent the field
distributions at w=200 nm and
w=300 nm with £,=14,
respectively. Only the left region
of the output space is given due to
the symmetric distributions along
the central line of the structure.
The gray slabs represent the metal
film
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the large SPP intensity is not physically originated from
funneling more incident energy into the slit, but supposed to
derive from the spatial distribution change of the trans-
mitted light.

For the sake of confirming this assumption, we simulate the
magnetic field distributions at different conditions. Figure 4a
displays the spatial distribution of H, field component at £,=4
and w=100 nm, wherein the distribution pattern is seen rela-
tively uniform accompanied with a slight increment of the
SPP intensity. When the output permittivity is £,>4, the SPP
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Fig. 5 Dispersion relation of SPP under the surrounding conditions with
different dielectric permittivities

intensity is evidently enhanced with a distinct separation from
the radiative beam approaching the interface. The spatial sep-
aration is originated from the reinforced confinement of SPP
caused by the increased €, rather than caused by the reduction
of incident wavelength leading to the change of £, [14]. When
&, 1s increased up to 14, whose field distribution is patterned in
Fig. 4b, a new separation of the transmitted beam begins to
appear. The intensities of SPP and the radiative beam posi-
tioned right above the slit are considerably increased, but the
intensity of the beam part between the two separations
drops greatly, which is a sharp reminder of a higher
order diffraction beam. This phenomenon indicates that
the slit acts as a diffraction aperture when &; is pretty
large, not as a point source any more (£,=1) generated
uniformly distribution of the transmitted beam [15]. As
a result, SPP is confined to locate on the interface, and
the zeroth-order transmitted beam (right above the slit)
becomes narrower in width and stronger in amplitude,
finally leading to the beaming of light [16].

With widening the slit, the diffraction becomes more
drastical: The spatial distributions of both the zeroth-order
transmitted beam and SPP are compressed even more with
enhanced intensities, but the former enhancement is larger
than the latter. Figure 4c, d presents the field modifications

with the same permittivity of £;,=14 at w=200 and 300 nm,
respectively. We can conclude that the spatial distribution
change of the transmitted field accounts for the enhanced
intensity.

Furthermore, in virtue of keeping a nearly constant trans-
mission efficiency T (Fig. 3a) when £,<6 at w=100 nm, we
can confirm that the spatial distribution change of the trans-
mitted beam cannot fully explain the corresponding fast-rising
tendency of the SPP intensity (Fig. 3b). Another reason is that
the excitation of SPP at the metal interface also improves
greatly. This point can be explained by the plasmon density
of state (DOS), which is determined by the factor d(k)/d(/w)
[17]. For a given light incidence, DOS has an inverse relation-
ship with the slope of the dispersion curve. With increasing
the dielectric permittivity of the output surrounding medium,
the slope of the dispersion relation curve drops (seen from
Fig. 5), leading to the DOS increase and the corresponding
enhanced SPP excitation.

We also calculate the launching efficiency (1) of SPP for
further investigating its percentage in the whole transmitted
field. The result is shown in Fig. 6a. At the symmetric sur-
rounding condition, 7 has small declines with the increase of
w. When g, increases for a given slit width, the variation
tendencies are different. In the case of w=100 nm, 7 first
increases to the maximum at £,=5 and then drops down slow-
ly until it reaches dip and begins to rebound. For other cases,
however, 7 drops sharply at first and then changes with the
growth trend. Meanwhile, the maxima intensity and efficiency
are not achieved at the same time. For example, the efficiency
reaches the maximum at £,=5 for w=100 nm, but the intensity
does not achieve its peak under the same condition. We find
that the enhanced launching efficiency of SPP with the asym-
metric surrounding conditions can be achieved at w=100 nm
or even smaller slit widths in comparison with the symmetric
one. Moreover, a significant increment of 7 can be obtained
only in a small dynamic range of the output permittivity. In
other words, there exists an optimal permittivity for each sit-
uation. For w=100 nm, the optimal permittivity is £,=5, and
its corresponding SPP efficiency can be improved by almost
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50 %. Therefore, we can predict that the launching SPP effi-
ciency would be further enhanced with narrowing the
structure.

In order to prove this prediction, we further make another
two simulations, w=140 and 60 nm, whose launching SPP
efficiencies are summarized in Fig. 6a, b, respectively. For
w=60 nm, the SPP intensity greatly increases to peak at £,=
10 and then remains constant, and its launching efficiency is
overall enhanced, whose peak is obtained at £,=8. Numeri-
cally, the SPP intensity and launching efficiency under asym-
metric structure are increased 25 times and 170 %, respective-
ly, compared with that under symmetric one, which demon-
strates that highly efficient excitation of SPP can be obtained
in deep subwavelength structures. Interestingly, the efficiency
curves have a quasi-periodic variation with permittivity,
whose period increases with decreasing w, and the peak loca-
tion shifts to small permittivity with increasing w, which may
be attributed to the changes of wave vector and initial phase of
SPP with the dielectric permittivity and slit width,
respectively.

Conclusion

In summary, we have introduced and theoretically investigat-
ed a simple and high efficient asymmetric subwavelength
structure for improving the intensity and launching efficiency
of SPP on the metal surfaces. Simulation results have revealed
that the launching SPP intensity can be increased 25 times,
and the corresponding launching efficiency 7 can be elevated
up almost 170 % compared with that under the symmetric
surrounding. Moreover, such an increment is closely depen-
dent on both the output permittivity and the slit width. Theo-
retical analysis reveals that both the spatial distribution change
of'the transmitted field and the DOS are the main mechanisms.
Importantly, the peak launching efficiency of SPP does not
correspond to its peak intensity. The dielectric permittivity
of the output surrounding medium can be flexibly cho-
sen for potential applications in nanoplasmonic devices
and bio-sensing.
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