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Near-field analysis of surface electromagnetic waves in the bandgap region
of a polymeric grating written on a one-dimensional photonic crystal
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The spatial distribution of surface electromagnetic waves on a one-dimensional photonic crystal
with a polymeric grating on top is mapped using a multiheterodyne scanning near-field optical
microscope. The grating opens a bandgap. At the band edges, a stationary field formed by two
surface waves with opposite propagation constants and almost identical amplitudes is produced.
Field intensity maxima are localized to the grating peaks or grooves, depending on the wavelength.
Far from the bandgap, we identify surface waves coupled via either the O or the —1 order of the
grating. The corresponding phase profiles indicate that these waves propagate in opposite
directions. © 2008 American Institute of Physics. [DOI: 10.1063/1.2970961 ]

Surface electromagnetic waves (SEWs) are nonradiative
waves confined at the interface between two media.'! SEWs
can exist provided that the dielectric functions of the two
surrounding media satisfy the relationship /(w)/&(w) <-1.
Such a condition can be attained at the physical boundaries
of artificial structures such as photonic crystals (PCs).
SEWs on truncated periodic structures are also called Bloch
surface waves or Tamm states. In the literature, extensive
work on SEWs at optical and near-infrared (NIR) frequen-
cies can be found (see, e.g., Refs. 3-5 and references
therein).

In this letter, we consider SEWs on a dielectric structure
constituted by a silicon nitride one-dimensional PC (1DPC)
with a subwavelength dielectric grating on the top surface.
There is a growing interest in investigating the interaction of
surface waves with periodic structures. Typically, gratings on
multilayers are used for mode coupling.6 Nevertheless, it has
been recently suggested that shallow, periodic corrugations
realized on top of 1DPC can be used in biosensing
applications.7 For well defined grating geometries, the corru-
gation opens a bandgap in the dispersion relation of the sur-
face mode.® Such a bandgap can be fruitfully used for en-
hancing the amplitude of the surface wave,” for increasing
the density of electromagnetic modes,'? or for guiding.11 In
this framework, a near-field microscopy analysis can give
important insights on the spatial distribution of complex op-
tical field close to structured surfaces. In the following, we
provide a direct visualization of the surface wave propaga-
tion as affected by the presence of the grating.

In a recent paper,12 the authors demonstrated that an en-
ergy bandgap for SEWs is obtained by means of a polymeric
subwavelength grating on a 1DPC. The structure is shown in
Fig. 1(a). The silicon nitride multilayer, grown by plasma
enhanced chemical vapor deposition, is composed of a ten-
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period stack of high (ny=2.23 at A=1530 nm) and low (n;
=1.75 at N=1530 nm) refractive index layers having thick-
ness dy=240 nm and d; =294 nm, respectively. This 1DPC
sustains SEWs in the NIR region, as recently demonstrated
in Ref. 13. A 110 nm thick asobenzene side-chain copolymer
film (DR1-PMMA, n,=1.67) spin coated on the air-1DPC
interface is holographically illuminated to produce a shallow
grating whose period and amplitude are A=610 nm and &
=55 nm, respectively. We couple SEWs in the Kretschmann
configuration by means of a BK7-glass prism. A multihetero-
dyne scanning near-field optical microscope (SNOM) (de-
scribed in detail in Ref. 13) is used to locally collect the
near-field by raster scanning the corrugated surface of the
sample with a dielectric probe (Lovalite, 70 nm Al coated,
aperture 200 nm). Surface topography is obtained by means
of shear-force detection. This original SNOM setup allows
simultaneous measurements of the amplitude and phase of
optical near-fields resulting from two orthogonal electric
field components of the illuminating beam. In our experi-
mental geometry, we simultaneously illuminate the sample
with a superposition of linearly TE and TM polarized beams.
The TE-polarized light couples to the SEWs. The incident
light is shaped with either a snap-on collimator or a focuser
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FIG. 1. (Color online) (a) Diagram of the 1DPC with the grating on top.
SEW are coupled in the Kretschmann configuration with TE-polarized illu-
mination. (b) Calculated reflectance map R(6,\) of the corrugated 1DPC.
Illumination is TE-polarized. Darker regions represent low reflectance. The
numbered circles indicate the points (6,\) considered in the SNOM
analysis.
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FIG. 2. (Color online) Cross-sectional profiles of topography, amplitude,
and phase at (a) the low-frequency (point A) and (b) high-frequency (point
B) band edges. The amplitude and phase are produced by TE-polarized
illumination beam.

mounted on a goniometer. The grating grooves are placed
perpendicular to the plane of incidence. We use a charge
coupled device camera to collect the reflected light and
check SEW coupling in a classical M-line configuration.

Calculations performed with the well known C-method"*
show that the grating opens a bandgap in the SEW dispersion
curve [Fig. 1(b)], as experimentally measured in Ref. 12. The
black lines identify low-reflectance regions and are associ-
ated with SEW coupling. In the following, we focus on five
significant points marked by circles on the SEW dispersion
curve. We consider the near-field distribution at the band
edges (point A at \y=1547 nm, 6,=55.3° and point B at
Np=1524 nm, 6z=54.5°) and outside the bandgap (point C
at A\c=1502 nm, 6-=56.9°, point D at Ap=1500 nm, 6
=49.6° and point E at \;=1580 nm, 6;=53.5°).

In order to maximize the SEW coupling strength, a col-
limated beam of about 500 um is used for illumination.
Once SEW coupling is obtained, linear scans of 6 um on the
corrugated 1DPC surface are performed. Points A and B are
considered first. In Fig. 2, we show the measurements at the
low-frequency (A) and high-frequency (B) band edges, re-
spectively. Although the sinusoidal topographic profile of the
grating appears deformed because of the convolution with
the SNOM tip,15 these peaks and grooves are well defined.

The measured near fields show an amplitude distribution
having the same periodicity as the grating. Similarly to pla-
nar Bragg reflectors, the high-energy and low-energy fields
have intensity maxima localized into the low-& regions (air
band) and high-¢ regions (dielectric band) respectively.8 In
both cases, the phase shows a squared profile with a 7-shift
occurring at amplitude minima. This is a typical effect of
interference between two counterpropagating waves having
equal amplitudes, i.e., the modes at the band edges are stand-
ing waves.

Outside the bandgap region, we focus our attention to
points C-E. Results are shown in Fig. 3. Beside the opening
of a bandgap, the grating produces a branch folding of the
SEW dispersion curve ~ that is particularly evident at wave-
lengths shorter than A=1524 nm (point B). The near-field
amplitudes associated with points C and D show a constant
spatial distribution with very slight modulations almost com-
parable with the noise level of the whole detection process.
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FIG. 3. (Color online) Cross-sectional profiles of topography, amplitude,
and phase at optical frequencies and incident angles corresponding to (a)
point C, (b) point D, and (c) point E. As shown in Fig. 1(b), the amplitude
and phase are associated to an optical near-field produced by a TE-polarized
illumination beam.

The phase distributions exhibit the typical saw-tooth profile
associated with propagating waves with a well-defined
propagation constant. The periodicity of the phases is almost
the same, but the SEW travel in opposite directions. In par-
ticular, the SEW at point C is characterized by a theoretically
calculated positive propagation constant Bc
=27mngg7/ \-sin O, while the SEW at point D has a negative
Bp=27mngk7/\-sin O,—27/ A, being coupled through the —1
order of the grating. Within this framework, SEW lying on
the right branch of the dispersion curve at frequencies higher
than the bandgap are coupled to the O order of the grating,
while SEW on the left branch are efficiently coupled via the
—1 order. At the band edges, the two branches merge and the
counterpropagating waves are coupled simultaneously, re-
sulting in the interference pattern shown in Fig. 2.

At frequencies lower than the bandgap, calculations
show that only one branch of the dispersion curve is clearly
visible. The SEW coupling efficiency via the —1 order of the
grating is very small. At point E, we again detect a saw-tooth
phase profile indicating a positive propagation constant. A
slight modulation of the near-field amplitude is also found, as
expected from rigorous calculations. The two counterpropa-
gating SEW that are simultaneously coupled at band edges
can be imaged in the direct space by using a weakly focused
illumination beam of about 20 wm. We illuminate at (\,, 6,)
and (\g,0g) corresponding to the points A and B in Fig. 1(b)
and detect both TE- and TM-polarized beams. Near-field
measurements are performed over a scan region of 90
X 90 um?, with a linear sampling interval of Ax=1.4 um.
Since the measured field is modulated with period A
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FIG. 4. (Color online) Normalized intensity distribution of the near-field
obtained at the band edges. (a) TE and (b) TM-polarized incident beam at
point B, (c) TE at point A. The illumination beam provides a spot of size
20 pm.

=0.610 wm, we expect an aliasing effect. After proper Fou-
rier filtering, we obtained the near-field intensity maps pre-
sented in Fig. 4. The TE-polarized near-field distributions
show a strongly elongated distribution parallel to the illumi-
nation direction as compared to the TM-polarized field. This
difference indicates SEW coupling. Nevertheless, while in
the case of SEW coupling on flat multilayers the field is
distributed in an asymmetric, cometlike pattern,13 in the case
of SEW coupling at the band edges of a shallow grating, the
distribution appears rather symmetric. This effect is due to
the coupling of both forward and backward propagating
SEW, traveling away from the central coupling region in
opposite directions.

In this work, we presented a near-field analysis of TE-
polarized surface waves coupled on a periodically corrugated
1DPC. We demonstrated that a standing SEW defined by two
counterpropagating modes having almost identical ampli-
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tudes is generated at the band edges of the grating. The field
is mostly localized at the grating grooves and peaks at the
high- and low-frequency photonic band edges, respectively.
Away from the bandgap, the two counterpropagating SEW
can be selectively coupled via either the O or the —1 diffrac-
tion order of the grating. We also show that the SNOM tech-
nique can be usefully exploited to accurately characterize the
optical response of subwavelength, shallow gratings when
illuminated by surface waves.
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