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Polymer-loaded propagating modes on a one-dimensional photonic crystal
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We numerically and experimentally demonstrate that a polymer film-coated one-dimensional
photonic crystal (1DPC) can sustain transverse electric (TE) polarized modes without the limit of
guided layer’s thickness. Our results indicate that two propagating modes are existing inside the
polymer film, the first one is the TE polarized Bloch surface wave, and the second one is the TE
polarized guided mode. Here in, the evolution of these two modes with change in the polymer film
thickness is presented. Our numerical simulation results are in well-agreement with the
experimental data obtained using back focal plane imaging. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4865421]

Optical waveguides are physical structures that guide
electromagnetic waves in the optical spectrum. These struc-
tures are used as components in integrated optical circuits, as
the long distance transmission medium in light wave com-
munications, or for biomedical imaging. Dielectric optical
waveguides play a crucial role in the present-day optoelec-
tronics industry. The usual dielectric waveguide cannot
restrict the spatial localization of the optical energy beyond
the 1o/2n limit, where the /g is the free space photon wave-
length and n is the refractive index of the waveguide.' For
this reason, surface plasmon polaritons (SPPs) based wave-
guides on metallic-dielectric or metallic structures provide a
good solution to this problem, due to the shorter wavelength
of the SPPs than the photon wavelength at the same
frequency.”™ However, the propagating loss of the SPPs
waveguide is very large due to the absorption and scattering
by the metallic structures.’ Recently, the polymeric
nano-ridges on a one-dimensional photonic crystal (1DPC),
made of all dielectric materials, were found to guide optical
waves with nano-scale spatial localization and much smaller
propagation loss.*’ For this kind of 1DPC, Bloch Surface
Waves (BSWs) are generated which guide the electromag-
netic waves along the interface between the 1DPC and the
upper air-space.®” The BSWs are dielectric analogs to the
SPPs whose properties are also sensitive to the surrounding
medium.'®"'® In this Letter, we numerically and experimen-
tally investigated the optical properties of the BSWs in the
presence and absence of various thicknesses of polymer
layer on the upper surface of the 1DPC. The polymer film
coated 1DPC can be assumed as an asymmetric planar wave-
guide, and the polymer film itself can be treated as the
guided layer. Our results verify that the guided electromag-
netic field becomes more confined with the inclusion of the
polymer film even if the thickness of the polymer film is
much smaller than the wavelength of the incident light. In
other words, for this kind of asymmetric planar waveguide,
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there is no cut-off thickness of the guided layer, which is cer-
tainly favorable for the miniaturization of optoelectronic
components down to nanometer scales. The evolution of the
optical modes inside the polymer film coated 1DPC is dem-
onstrated theoretically and experimentally.

A schematic diagram of the sample used for this investi-
gation is shown in Figure 1. The 1DPC is composed of
repeated layers of SiO, and SisNy. The thicknesses of SiO,
and Si3;Ny layers are 126 nm and 78 nm, respectively. The
top layer of the 1DPC is made of low dielectric SiO,, with
the thickness of 152nm. This configuration was shown to
display a Transverse Electric (TE) polarized BSW at the
interface between the 1DPC and the air.'” PMMA films of
different thickness (t) are spin-coated onto the 1DPC. The
optical modes in the PMMA film coated 1DPC are investi-
gated using transfer matrix method (TMM) where we calcu-
lated the angle dependent reflectivity from the 1DPC. The
wavelength of the TE-polarized light is 600 nm. The incident
angle is represented as 0, which ranges from 35° to 70°. The
refractive indices of the air, PMMA, SiO,, SizNy, and glass
substrate are assumed to be 1.0, 1.49 + 1071, 1.46 + 1071,
2.14+3 x 1074, and 1.52, respectively.

Figure 2(a) presents the corresponding angle dependent
reflectivity curves for different thicknesses of the PMMA
film (t=0, 25, 65, 180, 230, and 300 nm). For each curve,
two reflectivity dips are noticed. The broad dips at the large
incident angles correspond to the internal modes (IMs) inside
the 1DPC, where the electric-magnetic field is oscillating
inside the 1DPC.'"®' The sharp dips at the small incident
angles represent the excitation of the optical surface modes
of the 1DPC with lower propagation loss. The internal modes
inside the 1DPC are insensitive to the PMMA film thickness.
Whereas the resonant angle of the surface modes (sharp
dips) is PMMA film thickness dependent. Accordingly, in
this Letter, we primarily focused our attention on the proper-
ties of the surface optical modes of the IDPC. The observed
angles for the surface modes are 41.15°, 42.76°, 46.74°,
56.38°, and 59.18° for 0, 25, 65, 180, 230, and 300 nm thick
PMMA layer on 1DPC, respectively. The larger resonant
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FIG. 1. A schematic diagram of the 1DPC coated with PMMA film. The
thicknesses of the repeated SiO, and Si3N4 layers are 126nm and 78 nm,
respectively. The thickness of the top SiO, layer is 152 nm. A various thick-
ness of the PMMA film is used and represented with t. The incident angle is
0. The horizontal blue dashed line (at Z=0nm) represents the
1DPC-PMMA interface. I represents the incident light and R the reflected
light.
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FIG. 2. (a) Calculated angle dependent reflectivity curves at 600 nm for the
PMMA coated 1DPC shown in Figure 1. The thicknesses of the PMMA film
are 0, 25, 65, 180, 230, and 300 nm, respectively. The incident light is S-
polarized, 600 nm wavelength. (b) The electric field intensity [EI* profiles on
the line across the 1DPC along the Z-axis. The incident angles are fixed at
the resonant angles shown in panel (a), which are 41.15°, 42.73°, 46.74°,
56.38°, 59.18°, 61.81°, and 42.48°. The vertical blue dashed line in panel
(b) represents the interface between the 1DPC and the PMMA film.
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angles mean the larger effective index of these propagating
modes. When the PMMA film thickness is further increased
to 300 nm, three reflectivity dips are noticed, as shown in
Figure 2(a). The resonant angles of the first (TE;) and second
(TE) dips are 42.48° and 62.81°, respectively.

To reveal the optical properties of these surface modes,
electric-field intensity (|E|?) distribution along the Z-axis is
plotted in Figure 2(b). For each thickness of the PMMA
films, the incident angle is fixed at the corresponding reso-
nant angle of the sharp dip. The incident light is S-polarized
or TE polarized. The blue dash line (at Z=0nm) in Figure
2(b) represents the interface between the 1DPC and the
PMMA as illustrated in Figure 1(a). When the thickness of
the PMMA is Onm, the strongest electric field (E-field) is
located at the 1DPC-Air interface. The E-field decays slowly
with the increasing of the vertical distance from the
1DPC-Air interface. This field distribution is a typical fea-
ture for the BSW. So we assign this mode as the BSW and
the sharp dip at 41.15° corresponds to the BSW resonance.

However, when the PMMA film is coated on the 1DPC,
even its thickness is only 25 nm, we found that the position
of the strongest |E|*-field shifts into the PMMA layer. For
example, when t=0, 25, 65, 180, 230, and 300nm, the
Z-positions of the maximum field intensity are Z=0, 6, 23,
86, 116, and 163 nm, respectively. On the other hand, with
the presence of the PMMA layer, the |E|*-field decays much
quickly, which means that the optical field becomes more
spatially confined to the 1DPC. Due to the difference in the
|E|*-field distribution, the optical modes inside the PMMA
films may not be seemed as the purely BSW. The modes are
more like the TE, guided modes especially when the PMMA
layer becomes thick, such as t=180nm or 230 nm. When
the thickness of PMMA is small, such as 25 nm or 65 nm, the
propagating mode seems to be the hybrid state between
BSW and TE, guided modes. When the thickness of the
PMMA film is further increased to 300 nm, two TE guided
modes (two dips at 42.48° and 62.81°) appeared as shown in
Figure 2(a). Based on the field distributions shown in the last
two panels of Figure 2(b), the dip at 42.48° corresponds to
TE, guided mode and the dip at 61.81° to the TE, guided
mode.

It is well known that for ordinary asymmetrical dielec-
tric planar waveguides, when the thickness of the guided
layer is too small, there is no propagating mode inside the
waveguide.20 In our work, the PMMA film coated 1DPC can
be seen as an asymmetrical planar waveguide where the
PMMA film works as the guided layer. The above simula-
tions verify that for the asymmetrical planar waveguide
made of 1DPC there is no cut-off thickness of the guided
layer and the propagating modes can exist even the PMMA
layer is very thin, such as Onm or 25 nm. For this kind of
asymmetric planar waveguide, the propagating modes on the
1DPC evolve from BSW to guided modes with the increas-
ing of the PMMA film thickness.

To verify the numerical simulations, we studied the fluo-
rescence emission coupling patterns of 1DPC coated with
Rhodamine B (RhB) doped PMMA film by using back focal
plane imaging (BFP). This method reveals the angular distri-
bution of light which exits through the glass substrate. The
1DPC with the structural parameters shown in Figure 1 is
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fabricated with the plasma-enhanced chemical vapor deposi-
tion (PECVD). Rhodamine B (RhB) doped PMMA films
with thickness of 0, 25, 65, 180, 230, and 300 nm are spin-
coated onto the 1DPC. Under the excitation of 532 nm laser,
the RhB molecules can emit fluorescence at 600 nm. The op-
tical energy couples into the optical modes on the PMMA
coated 1DPC. At this time, it is not clear if the coupling
occurs directly with the excited state fluorophores, or if the
fluorophores first emit then subsequently couple with the
propagating modes of the structure. But the experimental
results verify that the excited molecules, such as dye mole-
cules, can work as a point source to generate the correspond-
ing optical modes inside the micro or nanostructures.? >
Leakage radiation microscopy (LRM) is used to detect the
emitting angles of the optical modes-coupled fluorescence
which correspond to the resonant dips (or angles) on the
Figure 2(a).>>*> A polarizer is placed before the CCD cam-
era to determine the polarization state of the emitting fluores-
cence, which can also determine the polarization of the
polymer loaded optical modes on the 1DPC. A band pass fil-
ter with center wavelength at 600 nm is used to allow only
fluorescence at this wavelength to reach the CCD camera.
The band width of the spectra filter is about 10 nm.

Figure 3 shows the BFP images of the fluorescence
emission from the 1DPCs with different thickness of the
RhB doped PMMA film (t=0, 25, 65, 180, 230, and
300nm). In the case of t =0nm, the 1DPC was immersed in
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FIG. 3. BFP images of the RhB fluorescence emission from the 1DPC
coated with PMMA film. The thickness of the PMMA film is O (a), 25 (b),
65 (c), 180 (d), 230 (e), and 300nm (f). The white double-headed arrow
lines represent the direction of the polarizer. The red circular dashed line on
(a) represents the numerical aperture (N.A.) of the collection objective
(1.42).
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the RhB alcohol solution for 30 min. Then, the 1DPC was
taken and washed briefly with deionized (DI) water and
nitrogen blowed dry. The BFP images show the coupled-
emission as bright rings. It is known that these bright rings
on the BFP images mean that the dye molecules are coupled
with the optical modes and induced the directional fluores-
cence emission. From the diameter of the bright ring and the
outer ring (labeled with the red-dashed line on Figure 3(a),
corresponding to the largest collection angle of the objective,
69°), the emitting angle of the fluorescence can be derived.
Based on the above numerical simulations, we pay our atten-
tion to the small bright rings (labeled with the single-headed
arrows), which are corresponding to the BSWs or TE guided
modes or their hybrid states. The larger rings are corre-
sponded to the IMs where the optical field oscillates inside
the 1DPC multilayer. The fluorescence intensity distribution
of the bright rings in the case of a linear polarizer demon-
strates that the polarization direction of the fluorescence is
along the azimuthally direction of the ring which corre-
sponds to the S-polarization or TE polarization and is con-
sistent with the numerical simulations (Figure 2).26’27

For comparison, the emitting angles derived from the
BFP images and the calculated resonant angles for different
thicknesses of the PMMA films are listed in Table I. The
experimental results are in very close agreement with the
calculations. We noticed consistent increase of the resonant
angles with the increase of the polymer thickness. At
t=300nm, both TE, and TE; modes are generated. Small
discrepancy in the observed versus the calculated angles
might be due to the mismatch of the actual PMMA thickness
to that used in the calculations. However, it is interesting to
note that the experimental results verify the existence of the
BSW or TE guided modes or their hybrid modes in the poly-
mer film coated on the 1DPCs. This study reveals the evolu-
tion from BSW to TE guided modes with the increasing
thickness of the PMMA films.

The broad emission spectrum of RhB molecules pro-
vides the opportunity to understand the evolution of surface
optical modes in the PMMA film for different wavelengths.
In this regard, a 532 nm long-pass filter and a range of band-
pass filters with center wavelengths of 550nm, 580nm,
600 nm, 630 nm, and 650 nm are used to select the respective
wavelengths. We chose 65nm thick PMMA film on the
1DPC for this study. Figure 4(a) shows the BFP image with
a 532 nm long-pass filter before the color CCD camera. We
can see a color ring, labeled with broad band propagating
mode (BPM), in the BFP image. The color of the ring gradu-
ally changes from red to green with the increasing the diame-
ter. When the band-pass filters are used, we can find that the
diameter of the bright rings (shown with single-headed
arrows) in Figures 4(b)—4(f) decreases with the longer wave-
lengths of the fluorescence. The polarization of the

TABLE 1. Experimental and calculated (600 nm wavelength) resonant angles
of the BSWs or TE guided modes inside the polymer films on the 1DPC.

Onm 25nm 65nm 180nm 230nm 300nm 300nm

58.71°
59.18°

59.63°
61.81°

43.20°
42.48°

Experimental 41.14° 42.40° 46.73° 55.45°
Calculated 41.15° 42.73° 46.74° 56.38°
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630nm

FIG. 4. BFP images of the fluorescence emission from the 1DPC coated
with PMMA film. The thickness of the PMMA film is 65 nm. Panel (a) is the
BFP image captured by a color CCD camera with a 532 nm long-pass filter.
Panels (b)-(f) are taken with the black and white camera combined with the
band-pass filters. The selected wavelengths of the fluorescence are 550, (b),
580 (c), 600 (d), 630 (e), and 650nm (f), respectively. The white double-
headed arrows represent the direction of the polarizer. BPM is the abbrevia-
tion of broad band propagating mode. The red dashed-circular line on panel
(a) represents the numerical aperture (N.A.) of the collection objective
(which is 1.42).

TABLE II. Experimental and calculated resonant angles of the BSW or TE
guided modes at different wavelengths.

550 nm 580 nm 600 nm 630 nm 650 nm
Experimental 50.73° 48.46° 46.73° 44.41° 42.81°
Calculated 50.02° 48.06° 46.74° 44.76° 43.45°

fluorescence on the bright rings has S-polarization or azimu-
thally polarization. Further, we calculated the resonant
angles of the hybrid state of the BSWs and TE, modes at
these wavelengths and shown in Table II. As we can see, the
calculated values are consistent with the experimentally
observed values, which further corroborates that the propa-
gating TE polarized modes can be sustained in the polymer
layer coated on 1DPCs.

In conclusions, our work provides a thorough investiga-
tion on the propagating modes within a dielectric PMMA
film on the 1DPC. Both numerical and experimental results
verify that existence of the propagating modes loaded by the
polymer films on the 1DPC without a cut-off thickness. The
propagating modes will evolve gradually from TE polarized
BSWs to TE guided modes by increasing the thickness of the
polymer films. The field distributions or behaviors of these

Appl. Phys. Lett. 104, 061115 (2014)

two kinds of modes are different, such as mode volume and
position of the E-field maximum. The determination of these
two kinds of modes is of great importance in optical sensing,
integrated optics, and some E-field enhancement effects
(such as SERS). The all dielectric materials used in this type
of asymmetrical planar waveguide will induce lower

propagation loss than that of the polymer loaded SPP

waveguide.”*’
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