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Surface plasmons on zig-zag gratings
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Abstract: Optical excitation of surface plasmons polaritons (SPPs) on a
'zig-zag diffraction grating' is explored. The fabricated silver grating
consists of sub-wavelength grooves 'zig-zagged' along their length,
providing a diffractive periodicity to visible radiation. SPPs propagating in
the diffraction plane and scattered by an odd number of grating vectors are
only excited by TE polarized radiation, whereas for TM polarized light,
which also induces surface charge, SPP excitation is forbidden by the
grating's broken-mirror symmetry.
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1. Introduction

Surface plasmon polaritons (SPPs) are electromagnetic surface waves, bound to the interface
between a dielectric and a conductor. Since the first recorded observation in 1902 [1], studies
of the optical excitation of SPPs on metallic gratings have largely focused on single-pitch,
parallel grooved mono-gratings [2-6]. SPPs on such gratings have been investigated recently
as a method of terahertz frequency radiation generation [7], and as optical sensors for bio-
molecular interactions [8]. Other possible grating geometries, such as square or rectangular
bi-gratings (comprised of two crossed mono-gratings) have also received attention [9-12].
Periodic arrays of holes in metal films, which are in essence simple bi-gratings, have also
stimulated much interest over the last decade because of their enormously enhanced optical
transmission [13,14] mediated by diffractively coupled SPPs. With the recent advances in
large-area nano-fabrication, optical scientists are now able to explore more complex
diffraction grating geometries [15-17]. Here, we study the optical excitation of diffractively
coupled SPPs on a grating geometry with significantly reduced symmetry, a ‘zig-zag’ grating
(Fig. 1).

2. Surface plasmon polaritons on zig-zag metal gratings

SPPs may be resonantly excited by an incident optical field that matches the mode’s
momentum, energy and field profile. The wavevector (in-plane momentum) of a SPP on a
air/metal interface is larger than that available from a free-space photon, and so an in-plane
momentum-enhancing mechanism is required to couple incident light to the SPP mode. One
such mechanism is to pattern the metal periodically to form a diffraction grating, changing the
in-plane wavevector of the surface fields by the addition or subtraction of an integer number
of the grating wavevector (kg = 27 X /Ag). The incident light must also be polarized so that it
has a component of electric field normal to the grating surface, so that it may induce surface
charges on the metal. For conventional gratings SPPs propagating in the plane of diffraction
are excited only by TM polarized light.

In this letter, we use a zig-zag grating geometry as a SPP coupling mechanism to visible
light. The zig-zag grating is formed of a surface-relief grating of sub-wavelength, and hence
non-diffracting grooves which run along a silver surface. Perpendicular to this non-diffracting
grating, the grooves are perturbed in the surface plane to introduce a long-pitch variation that
may diffract visible light (Fig. 1). This ‘zig-zag’ perturbation introduces a diffracting pitch of
Agx, Which lies perpendicular to the short-pitch of the surface-relief grating, Aq,. In many ways,
the zig-zag geometry is similar to a conventional rectangular bi-grating, however, the long-
pitch is present due to a zig-zag surface perturbation (not surface-relief grooves) and
consequently the excitation of each diffractively coupled SPP is highly polarization selective.
In addition the reduced symmetry of the zig-zag grating leads to two standing wave solutions
at the first Brillouin Zone (BZ) which are degenerate in energy having no SPP band gap.
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Fig. 1. The coordinate system of a zig-zag grating. The experimental sample parameters were
Agx = 600 nm, Ag, = 150 nm, d = 29.9 nm with all measurements in this letter recorded at ¢ = 0°.
Inset: A scanning electron micrograph of a replicated zig-zag surface in a polymer. (scale bar =
600 nm.)

The coordinate system used is outlined in Fig. 1. Plane polarized light illuminates the
surface of the grating at a polar angle, 4, and at an azimuthal angle, ¢ (specifying the
orientation of the grating vectors with respect to the plane of incidence). Zero azimuth (¢ =
0°) is when the plane of incidence contains the zig-zag grating vector, K. Notice that both
Transverse Electric (TE) and Transverse Magnetic (TM) polarized light may provide an
electric field component that lies normal to some part of the surface of the grating and hence
induce surface charges, for all angles of incidence. Thus, given the necessary momentum
matching conditions, either polarisation may excite SPPs. To provide further insight, a simple
expression for the local normal component of electric field can easily be obtained by
considering an approximation to the zig-zag surface given by,

r =X+Yy+cos(y—cos(x))z @

representing a zig-zag profile having unit amplitudes, and periodicities of 2m. At normal
incidence to the xy plane, the electric polarization vector of the electric field is defined as
p=X for TM and p=y for TE polarizations. The normalized surface normal function and

the magnitude of the polarization vector lying normal to the surface are then
ﬁzaxrxayr/‘axrxayr‘ and (Ap)A respectively. The components, Eg and Eqy, of the

electric field normal to the surface, lying along the direction of propagation (the X direction)
for both polarization cases, integrated over y, is then:

_ 4msin(x)

Fre = cos(2x) —3 2)
_ 4zsin?(x)

Erm = cos(2x) —3 )

Both Et¢ and Eqy are non-zero, so we may conclude that either polarization may induce
surface charge and possibly excite SPPs. By expanding both these expressions as a Fourier
sum in x, it is possible to find which in-plane wavevectors of incident light are required to
match these field profiles. For incident light to match Etg requires a series of only odd-
ordered terms, while Ety requires a series of only even-ordered terms. Diffracted fields at the
surface will contain both odd and even wavevector components. Equations (2) and (3) predict

#172596 - $15.00 USD Received 13 Jul 2012; revised 6 Sep 2012; accepted 10 Sep 2012; published 3 Oct 2012
(C) 2012 OSA 8 October 2012 / Vol. 20, No. 21 / OPTICS EXPRESS 23923



that TE polarized light will provide a suitable electric field distribution to enable the
excitation of SPPs via only odd-ordered diffracted orders, while TM polarized light will
excite SPPs only via even-ordered diffracted orders. This concept will be discussed again with
reference to the experimental and modelled results in section 4.

3. Fabrication

A schematic of the experimental sample is shown in Fig. 1, comprising of a grating with a 600
nm zig-zag pitch (g«) to provide diffractive coupling to the SPPs. The periodicity of the non-
diffracting surface-relief grooves (44,) is 150 nm.

A “master” of the zig-zag grating was produced in silicon using electron beam
lithography. The pattern was exposed in PMMA using a write field of 400 um and a write
field stitching error on the order of 20 nm. The exposed pattern was developed and reactive
ion etched to a depth of 70 + 10 nm. This produced a 2.5 mm? grating on a silicon wafer. The
structure was then duplicated in UV-cured polymer. Scanning electron microscopy was used
to image the surface of this zig-zag grating, shown in Fig. 1. From this micrograph, the mark-
to-space ratio of the grating structure was determined to be 0.25 with A4 = 600 £ 5 nm, and
Agy = 150 £ 5 nm. This pattern was then transferred to another UV cured polymer (Norland
Optical Adhesive 73 with an index of refraction ngspg.m = 1.56) and adhered to a glass
substrate (Ngs2.enm = 1.518) using an embossing method.

Silver was thermally evaporated under high vacuum (5 x 107° mbar) with 50 nm
depositions followed by 10 minutes relaxation time repeated until an optically thick layer of
200 nm was recorded on the quartz crystal thickness monitor. This stepped procedure was
used to prevent the temperature rising on the substrate enough to damage the polymer.

The substrate was then adhered to the back of a prepared glass hemisphere of radius 21.75
mm and refractive index n = 1.518 using index matching fluid, the base of the hemisphere
having been modified by removing 1 mm to account for the substrate thickness. This
arrangement allows illumination of the embedded grating structure at the metal/glass interface
at all angles of incidence. The mounting protects the surface of the silver from sulphur
contamination [18], and preserves the fidelity of the grating profile, which would otherwise be
shallowed at the air/metal interface by the addition of the silver. SPPs excited in these
experiments propagate along the metal-glass interface.

4. Measurements and discussion

The reflected intensity of light from a zig-zag grating illuminated with TE polarized light, at a
wavelength of 632.8 nm, was recorded as a function of the polar angle of incidence, 9 (Fig.
2). At 6 = 28°, a minimum is observed in the TE reflectivity from the grating close to the first-
order diffraction edge (calculated as 37°), indicative of the excitation of a SPP that has been
scattered by one grating vector, kg, Incident light resonantly couples to this diffracted SPP
and is scattered back in to the specular order with  phase retardation [19]. Out of phase with
the specular reflection, a dark band is observed with the missing energy being dissipated as
Joule heating. For comparison, the excitation of an in-plane SPP such as this on a mono-
grating or bi-grating would require the light to be TM polarized. However, on this zig-zag
grating for a SPP Bragg scattered by K, excitation with TM polarized light is forbidden (see
section 2) and no minimum in the TM data is observed. The data agrees with theory from
finite element method (FEM) modelling, also shown in Fig. 2, with fitting parameters of €g3,.
am = —17.5 + 0.55i, a groove depth of 29.9 nm, and a mark-to-space ratio of 0.25. Surface
roughness and small groove profile changes from the embossing method are not accounted for
in the modelling.
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Fig. 2. Specular reflectivity of TE (black) and TM (red) polarized light as a function of polar
angle, 6, with a wavelength of 632.8 nm, ¢ = 0°. Circles: recorded data with error bars of 1%,
line: fitted numerical model prediction.

The dispersion of the SPPs is mapped as a function of in plane wavevector, k by varying
the polar angle 6, an angular frequency, w, using a polarized, collimated, monochromatic
beam, produced by a white light source together with a spectrometer, in the wavelength range
400 < %o < 850 nm (Intensity of reflected light is monitored with a photomultiplier).

The reflectivity of incident TE polarized light at ¢ = 0° is shown in Fig. 3. Bands of low
reflectivity are a result of a resonant excitation of SPPs mapping thereby the dispersion curves
of the SPPs. Two Bragg-scattered SPP dispersion curves are observed for this polarization
case, one originating at —kg, and one originating at + 3kg. These odd-order diffracted SPs are
excited by TE polarized light. The SP dispersion curve from a + 2k scattering is missing as,
on a zig-zag grating, it is not excited by TE polarized light as predicted by Eq. (2). Using the
fitted parameters from Fig. 2, the dispersion plots were reproduced from FEM modelling and
found to be in good agreement and are shown in Fig. 3. The small difference between the
model asymptotic limits of the SPs and experiment may be attributed to the differences
between the dielectric function of silver used for the model [20] and our experimental sample.
One anticipates that 2k, diffracted SPPs may be excited by TM polarized light, however the
zig-zag surface profile presented does not contain any 2kg components. Thus for SPPs to
gain 2kg in wavevector they will require two scatterings by Kqy a process which, while not
forbidden, is inherently weak. To facilitate strong coupling by even-order scattered SPPs and
TM polarized light, an even kg, component has to be added to the zig-zag profile, but this
removes the mirror symmetry of the grating and the polarization selectivity would be
destroyed.
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Fig. 3. TE polarized reflectivity as a function of in-plane wavevector and angular frequency,
mapping the SPP dispersion on a zig-zag grating. (a) Numerical prediction and (b) measured
data. Solid lines show the positions of diffracted light lights scattered by mkg,, where m = -1, +
2,0,+3.

Normally at Brillouin zone (BZ) boundaries, diffractive coupling results in two counter
propagating SPPs, which establish a standing wave [21]. The two standing wave solutions
correspond to different field distributions with respect to the grating profile, and between
these two energy solutions no surface modes propagate: a SPP band gap forms. However, the
dispersion relation shown in Fig. 3 and the predictions from FEM modelling shows no
measurable SPP band gaps at the first BZ boundaries for this zig-zag grating. Generally, the
in-plane wavevector of a standing SPP wave is half that of the total Bragg vector by which the
two counter propagating SPPs have been scattered. For the —Kgx and + 2kgy scattered SPPs,
crossing at the first BZ, the SPP wavevector is 3Kg/2. Through symmetry, there are two
possible solutions for this standing wave on a zig-zag grating, with the areas of high field of
one solution shifted spatially by Ag/4 with respect to the other solution. Because of the zig-
zag reflection symmetry, the arrangements of these two field solutions on the zig-zag surface
are equivalent. The solutions are degenerate in energy and therefore no band gaps at the first
BZ are observed.

5. Conclusions

We have demonstrated experimentally and with FEM modeling the coupling of plane
polarized light to SPPs on a metallic zig-zag grating. We have found that when the plane of
incidence contains the zig-zag grating vector, odd-order diffracted SPPs couple only to TE
polarized light and coupling to TM light is forbidden. At the first BZ boundary in this
orientation, photonic band-gaps do not form because the two possible standing wave solutions
along the zig-zag surface are equivalent in energy. Changing the zig-zag symmetry will allow
control of the polarization selectivity of SPP coupling on such gratings, with asymmetric zig-
zag gratings providing a route to polarization independent excitation of SPPs which propagate
in the plane of diffraction
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