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Abstract We have theoretically investigated the unidirec-
tional surface plasmon polariton (SPP) excitation on single
slits with oblique backside illumination. An aperture
diffraction method is devised, from which the conditions
of slit width and beam illumination angle for the unidirec-
tional SPP excitation are formulated analytically. The
derived unidirectional conditions are validated with vecto-
rial electromagnetic simulation using the rigorous coupled
wave analysis.

Keywords Surface plasmon polariton - Unidirectional
excitation - Rigorous coupled wave analysis

Introduction

Recently, surface plasmon polariton (SPP) subwavelength
optics, i.e., plasmonics, is advancing fast. SPP-based
information processing at the nano-scale dimensions is
considered a promising technology to overcome limitations
of the present electronics-based information technologies
[1-3]. Novel concepts and methods have been developed to
solve challenging problems. SPP has great potential in
other areas such as bio-photonics and meta-materials as
well as information technologies.

Many aspects of SPP have been intensively researched
to exploit full potentials of SPP. The efficient excitation
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method of SPP is one of fundamental issues in plasmonics.
Since SPP is a low-dimensional electron-electromagnetic
coupled surface wave that exists at a metal/dielectric
interface [3], various methods using total internal reflection
(TIR), nano tips, grating diffraction, and subwavelength
slits have been developed to generate necessary SPP
momentum in exciting SPPs [4].

Functional excitation methods of SPP using nanostruc-
tures having more complex features than the basic config-
urations are interesting research issues. Recently, the
unidirectional excitation of SPP on localized structures
was studied by some authors [5, 6]. Basically, the
unidirectional excitation of SPP can be observed in the
Kretschmann configuration using TIR. However, to imple-
ment SPP devices and systems at the nano dimensions,
local SPP excitation localized on a subwavelength region is
necessary. The simplest configuration of local SPP excita-
tion is using subwavelength single slits. The SPP excitation
on single slits has been researched due to its fundamental
importance [7, 8] and application potentials [5, 9, 10] as a
localized SPP source. Regarding the unidirectional SPP
excitation on localized structures, it was reported that
surface Bragg grating can be used for the efficient
unidirectional excitation [S] and slanted surface dielectric
grating structures can produce efficient unidirectional SPP
excitation via volume diffraction effect [6].

In this paper, we show that oblique incidence beams on
single slits excite the unidirectional SPPs. To understand
this effect, an aperture diffraction model is devised, from
which the conditions of slit width and beam illumination
angle for the unidirectional SPP excitation are analytically
formulated. Using the rigorous coupled wave analysis
(RCWA) [9-11], the derived unidirectional excitation
conditions are comparatively examined with vectorial
electromagnetic analysis results.
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In the “Surface plasmon polariton excitation on a single
slit with oblique backside illumination” section, the
unidirectional SPP excitation on a single slit is observed
within the framework of the RCWA modeling. In the
“Theoretical analysis of the excitation of surface plasmon
polaritons on single slits” section, theoretical analysis on its
physical origin is described. In the last section, concluding
remarks are given.

Surface plasmon polariton excitation on a single slit
with oblique backside illumination

The SPP excitation on single slits is one of basic
geometries in plasmonics. In most previous works on
this geometry, the backside illuminating beam has been
assumed to be a normal incident beam. However, when
the illuminating beam is oblique, the SPP is excited
asymmetrically along the right and left directions.
Figure 1 illustrates a schematic of SPP excitation on a
single slit with an oblique backside illumination. The slit
width and the metal film thickness are denoted by w and
t, respectively. Let us first observe the SPP excitation on
a single slit within the RCWA framework. The free space
wavelength of the illumination plane wave is set to
650 nm and the permittivity values of the metallic (Au) film
and air at this wavelength are €,,(=9.5487+;1.1327) and
€a(=1), respectively. In the situation shown in Fig. 1, the
excitation strength of the leftward SPP, J;, and the
rightward SPP, Jg, are expected to be significantly different
because of the asymmetry of the illuminating beam.
Furthermore, we can expect that at a certain condition, the
excitation strength of the leftward SPP, J;, may be almost
zero, so, as a result, the unidirectional excitation of the
rightward SPP, Ji, is observed.

Figures 2 and 3 show the RCWA results of the normal
and oblique backside illuminations on the slit with film

Excited surface plasmon polariton

—

Metal film (Au) g

Oblique illumination beam
with an incidence angle of @

Uy

Fig. 1 Asymmetric excitation of the rightward SPP, Jg, and the
leftward SPP, J, on a single slit with an oblique backside illumination

@ Springer

a
|E| (xz-plane) w:0730nm t:300 nm '
3 0.5
E 2
|
0
-8 -6 -4 -2 0 2 ¢
X [um]
|E,| (xz-plane) w:0730nm t:300 nm
0.5
0

-8 -6 -4 -2 0 2 4 6 8
% [um]

Fig. 2 RCWA result of normal incidence on a slit sample with metal
film thickness of 300 nm and slit width of 730 nm: a x-directional
electric field distribution and b z-directional electric field distribution

thickness, ¢, of 300 nm and slit width, w, of 730 nm. In this
RCWA simulation, the incident plane wave with an
incidence angle of @ is represented by

U = (cos 6x — sin 0z) exp(jko(sin x + cos 6z)), (1)

where k is a free space wavenumber given by ky=27/\ and
A is a free space wavelength of 650 nm. The total number
of x-direction Fourier spatial harmonics is set to 161, which
is the number of spatial harmonics showing a reasonable
convergence, and the x-direction supercell period, L,, is
chosen to be 15 pum. The perfect matched layer (PML)
model adopted in [9] is used in the RCWA.

In Fig. 2(a) and (b), the x-directional and z-directional
electric field distributions are shown, respectively, where
we can consider the z-directional electric field to indicate
the excited SPP. As seen in Fig. 2(b), the leftward SPP, J,
and rightward SPP, Jg, are excited symmetrically. The
excitation strength of J; and Jr are exactly the same.
Figure 3 shows the RCWA result in the case of the oblique
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Fig. 3 RCWA result of oblique incidence (6=55°) on the same slit
sample: a x-directional electric field distribution and b z-directional
electric field distribution
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backside illumination with the incidence angle of 55° on the
same slit. The x-directional and z-directional electric field
distributions are shown, respectively, in Fig. 3(a) and (b).
In this case, as seen in Fig. 3(b), the unidirectional SPP
toward the right direction is observed. The excitation
strength of Ji is significantly smaller than that of Ji.

Theoretical analysis of the excitation of surface plasmon
polaritons on single slits

In this section, a theoretical analysis on the unidirectional
SPP excitation phenomenon demonstrated in the previous
section is described. For the theoretical analysis on the
excitation of SPP on single slits, we employ a comparative
analysis approach using two feasible aperture diffraction
models having subtle difference in the aperture model.
Figure 4(a) and (b) illustrate the aperture diffraction models
of a single slit with finite thickness, ¢, and slit width, w,
illuminated by an oblique incidence beam. In the aperture
diffraction model shown in Fig. 4(a), the thickness of the
metal film is ignored, thus the incident beam illuminates the
aperture on the front side of the metal film uniformly. This
model is a classical model adopted in the scalar diffraction
theory of Fourier optics. In the aperture diffraction model

Fig. 4 a Simple aperture diffraction model in the scalar diffraction
theory of Fourier optics, b aperture diffraction model including the
shadow effect, where the shadow effect caused by the left sidewall of
the slit with finite thickness, ¢, is taken into account

shown in Fig. 4(b), the shadow effect caused by the
sidewall with finite thickness is carefully taken into account
as an important factor in the diffraction analysis. The
concept of the shadow effect is hinted from Sommerfeld’s
half-infinite perfect conductor diffraction problem [12]. In
this case, the thickness of the metal film, 7, and the edge
diffraction angle, ¥, become important factors. It is noted
that, in the case of normal incidence, two models become
the same since the sidewall shadow disappears.

By the comparative analysis of two models, we can
eventually obtain a phenomenological understanding on
the physical origin of the unidirectional SPP excitation.
As the first step, let us describe the scalar diffraction
theory of the obliquely incident beam by the slit based
on the first model shown in Fig. 4(a). Let the slit aperture
be represented by the rectangle function, I'(x),

[ 1 for|x| <w/2
Tx) = {0 fgr|x| >w/2 " )

Let us assume that the apertured optical field profile at
the slit illuminated by the oblique beam is given by
['(x) exp(jko sin Ox), then the angular spectrum of the
apertured optical field, II(«), is obtained by

I(e) = J ['(x) exp(jko sin Ox) exp(—j2max)dx

—0Q

_ wsine K? _ a) w} , 3)

where « is spatial-frequency and sinc(x) is defined by sinc
(x)=sin(mx)/(mx). II(v) is a shifted form of the structural
angular spectrum of the aperture rectangle function, I'(x).
Let us define the spatial-frequency of SPP wave, agpp, by

1 a~m 1
aspp — real [— cat =— (4)

AV eat+em]  Asep’

where ¢, and ¢,, are the permittivity values of air and metal
film, respectively. real[a] is the real part of a complex
number a. Let us assume that the angular spectrum
components at agpp and -agpp, 1.€., Il(agpp) and I(-agpp),
contribute to the excitations of rightward SPP, Jg, and
leftward SPP, Ji, respectively. According to this assump-
tion, the slit width, w, to maximally damp J; , should satisfy
the condition

in @
wsinc K% + aspp)W:l =0. (5)

The slit width for the local minimum excitation of J;, Wi m,
is obtained, from Eq. (5), as

in @ 1
WL.mm/<&+—>>f0rm1,2,'“- (63)
' A Aspp
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The slit width for the local maximum excitation of Ji, Wiy m, 1S
obtained by

in 6 1
Wyﬁm—(m—O.S)/<%+m),fOI'M— 1,2,~~.

(6b)

In the normal incidence condition, the minimum and
maximum SPP excitation slit widths are given, respec-
tiVCly, by WL’m:mAspp and Wqu:(m—O.S))\Spp. Let us
inspect the validity of the derived expectation formulas of
Egs. (6a) and (6b) by comparing the results of the RCWA
and the expectations of the formulas. For this, the z-
directional electric field intensity is represented as a
function of the spatial variables, x, z, the slit width, w,
and the incidence angle, 6, i.e., E,(x,z,w,0). Using the
RCWA, we have calculated the z-directional electric field
intensity distributions at z=50 nm, |E,(x, 50 nm, w, )|, for
slit width values from 10 nm to 4 pm. In Figs. 5(a) and
6(a), |E,(x, 50 nm, w, 0°)| obtained for the normal backside
illumination and |E,(x, 50 nm, w, 55°)| for the oblique
backside illumination are displayed for comparison,
respectively.

In both cases of the normal and oblique illumina-
tions, near-periodic SPP excitation patterns for the slit
width variation are observed. Let us concern the local
minimum and maximum slit widths of J;. The SPP
intensity traces at the points 1.5 um distant from the left
slit edge for slit width variation for normal and oblique
illuminations, |E,(w+1.5 um, 50 nm, w, 0°)| and |E (w+
1.5 pm, 50 nm, w, 55°)|, are plotted in Figs. 5(b) and 6(b),
respectively. The local minimum excitation slit, wy , and
the local maximum excitation slit, wy ,, obtained from
Egs. (6a) and (6b) are indicated by the blue circles and the
red circles in Figs. 5(b) and 6(b). In the case of normal
illumination, as seen in Fig. 5(b), the blue circles at wy
are well-matched on the local minimum of the SPP
intensity and the red circles at wy ,, are also matched on
the local maximum of the SPP except the second peak
around w=730 nm. However, in the case of oblique
illumination, as seen in Fig. 6(b), both the blue circles at
WL m and the red circles at wy,, do not match the local
minimum and maximum points. This lack of validity of
Egs. (6a) and (6b) requires further refinement over the first
diffraction model. From the RCWA results, we can see
that the slit width producing the maximum strength of J,
is obtained by w=730 nm for normal illumination and,
when the illumination angle is 6=55°, the second
minimum point of J; is observed at the same slit sample
with slit width of 730 nm. The examples shown in Figs. 2
and 3 are the electric field distributions generated by the
slit sample with slit width of 730 nm under normal and
oblique illuminations, respectively.
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Fig. 5 a SPP intensity distributions at z=50 nm and for normal
illumination (9=0°), |E,(x,50 nm,w,0°)| for slit width variation, b trace
of the SPP intensity distribution along the white dashed line, x=w+
1.5 pm, |E,(w+1.5 um,50 nm,w,0°)|

Next, let us find refined formulas giving correct
expectation of the local minimum and maximum excitation
conditions of J; based on the second aperture diffraction
model shown in Fig. 4(b). The dark triangle region in
Fig. 4(b) is the effective shadow caused by the finite
thickness slit wall under oblique incidence, which is
referred to as the shadow effect. At the left lower edge of
the slit, the incident plane wave is diffracted to generate a
boundary diffraction field. Since the diffraction field cannot
fill the whole space of the slit, the dark region between the
left slit wall and the diffraction field region exists
effectively. In reality, the optical field around the sidewall
would be gradually tailored to dark. The effective shadow
means that the gradually tailored optical field intensity
around the sidewall is approximated by a geometric dark
shadow. In Fig. 4(b), the angle between the slit wall and the
dark region boundary is denoted by ¥. When the corner
angle of the triangle dark region is considered, then we
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Fig. 6 a SPP intensity distributions at z=50 nm and for oblique
illumination (§=55°), |E,(x,50 nm,w,55°)| for slit width variation, b trace
of the SPP intensity distribution along the white dashed line, x=w+
1.5 um, [E,(w+1.5 pm,50 nm,w,55°)|

should distinguish the real slit width, w, and the effective
slit width, w, which is the effective width of the optical field
distributed on the slit. The relationship between w and w is
given by

W=w+ttany. (7)

If we consider w in the structural angular spectrum of
Eq. (3), we can see that under the oblique incidence, a
slightly wider real slit width w than the effective width w by
the amount of 7 tan ¥ is necessary for invoking the effective
width w. We do not know the mathematical theory that
provides the exact description of the edge diffraction, while
we can infer the qualitative properties intuitively and devise
approximate formulas describing the corner angle ¥ from
the physical intuition. This approximate mathematical
fitting formula is a phenomenological expression, which is
devised from a physical intuition hinted in the Sommer-
feld’s half-infinite diffraction problem.

The approximate relationship of ¥ and € can be obtained
from the following phenomenological assumptions; ¥ is not
exactly linearly but monotonically proportional to both 6
and w. For fixed w(f), ¥ increases as #(w) increases since
the finite confinement of the slit width influences the edge
diffraction. With these in mind, we take the phenomeno-
logical fitting expression between ¥ and 6 as

y = [c1 +esin(z(y — 1)/c3)]6, (8a)
where 7y is defined by
y = w(sin 8/ + 1/Aspp), (8b)

and ¢y, ¢y, and c3 are the fitting parameters. For the film
thickness of 300 nm, ¢;, ¢,, and ¢5 are obtained as 0.09, 0.8 and
48, respectively. As a result, ¥ is then expressed in the form:

w = [0.09 4+ 0.8sin(z(y — 1)/48)]6. (8¢c)

The distribution of ¥ for 6 and w is plotted as a slightly
curved and monotonically increasing surface with increas-
ing 0 and ¥ as shown in Fig. 7(a).

We show that the three-parameter fitting formula of
Eq. (8a) can adjust the mismatch errors (see Figs. 5 and 6)
of the classical scalar diffraction model over whole ranges
of both 6 and w. The width of the shadow region in
Fig. 4(b), Aw(#, ~, ?) is given by

Aw(6,y,t) = ttany. 9)

The real slit width, w;, for the minimum excitation
condition of Jp is given by the sum of the effective slit
width, wy_n,, and the shadow region width, Aw(6, v, f), as

WL,m = WLm + AW(G, m, t)v (103)

where it is noted that v becomes m from Eq. (6a) at the
local minimum SPP excitation condition. Also, with the
shadow effect considered, the real slit width, Wy ,,, for
the maximum SPP excitation condition is obtained as

Wi = Wim + Aw(0,m—0.5,1). (10b)

The modified local minimum and maximum SPP
excitation slit widths, w;, and Wy ,, are plotted in
Fig. 7(b) by the blue circles and red circles, respectively.
As seen in Fig. 7(b), the blue circles at w; , are well-
matched on the local minimum of the SPP and the red
circles at wy,, are also matched on the local maximum.
To examine the derived formulas, the distributions of wy
and wy, are compared on the map of the SPP intensity
distribution, |E,(w+1.5 um,50 nm,w,f)|, calculated for slit
widths from 10 nm to 4 um and illumination angles from 0°
to 80°. In Fig. 8(a), the local minimum slit widths, wy_,, for
incidence angles 6 are compared with the local minimum
points in |E,(w+1.5 um,50 nm,w,f)| analyzed by the
RCWA. Significant errors are observed as expected in
Fig. 6(b). In Fig. 8(b), the local minimum slit widths, Wy ,,,
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Fig. 7 a Distribution of the approximately modeled edge diffraction
angle, ¥, for 6 and w variations, b trace of the SPP intensity distribution
along the line x = w + 1.5um, |E.(w + 1.5um, 50nm, w, 55°)|

derived from the second diffraction model are compared
with the local minimum points in |[E,(w+1.5 pm,50 nm,
w,0)| analyzed by the RCWA. It is seen that the Wy ,, is
well-matched to the local minimum points in whole
incidence angle range.

Although a phenomenological approach with the side-
wall shadow effect instead of finding the exact solution of
the Maxwell equations is adopted in this paper, it has been
shown that the angular spectrum based scalar diffraction
theory from the aperture diffraction model with the shadow
effect provides a reasonable interpretation and explicit
conditions of the unidirectional SPP excitation.

Conclusion
In conclusion, it has been shown that the oblique backside
illumination on a single slit induces the unidirectional SPP

excitation. The diffraction model with the shadow effect
induced by the finite thickness slit sidewall is proposed, and

@ Springer

the unidirectional SPP excitation condition is derived from
the diffraction model with a phenomenological approximate
fitting formula on the shadow region. The unidirectional
surface plasmon excitation occurs when the zero point of
the angular spectrum of the rectangle function with the
effective slit width matches to the eigen spatial-frequency
of the SPP, agpp. The validity of the devised analytic
formula on the unidirectional SPP excitation condition has
been confirmed with rigorous vectorial electromagnetic
simulations. The unidirectional SPP excitation with oblique
illumination is quite simple, so it would be useful for
various applications and research problems requiring
efficient SPP excitation.

E, (w+1.5um,50nm,w, 0)| (ax.)
1 5

Fig. 8 a Plot of the local minimum SPP excitation slit width, wy
(black +) on the distribution |E,(w + 1.5um, 50nm, w, 8)| and b plot
of the local minimum SPP excitation slit width, w;, (white +)
obtained by Wy, = wy, + Aw(6,m,300nm) on the distribution
|E-(w + 1.5um, 50nm, w, 6)|
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