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Ultra-thin polymer optical waveguide couplers for integrated optics based on Bloch surface waves (BSWs) are
presented. Desirable BSW guiding properties, such as low loss and long propagation distance, are observed.
The waveguide thickness is on the order of 1/15. At 1562 nm wavelength, a coupling length of 250 pm is found
for 3 pm wide waveguides separated by 1 pm. The second-order mode is also investigated; we show that the fun-
damental mode can be excited by the second-order mode. The effect of variations in the waveguide width, gap, and
refractive index are theoretically investigated by studying their impacts on the coupling length. Results are prom-
ising for mode division multiplexing, optical sensors, and optical communications. © 2014 Optical Society of

America
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1. INTRODUCTION

Integrated optical circuits for communications applications
have been an important area of research for many years. A
new approach, based on using a multilayer sustaining Bloch
surface waves (BSWs), is proposed as a suitable general plat-
form for the manipulation and control of BSW propagation in
the spectral range of telecom wavelengths [1,2]. The platform
is a one-dimensional (1D) photonic crystal, made of dielectric
layers with alternating refractive indices deposited on glass.
The presence of a thin additional layer on top of the photonic
crystal modifies the local effective refractive index, enabling a
direct manipulation of the BSW. Recently, various 2D polymer
photonic components have been produced on this platform.
Yu et al. experimentally and theoretically demonstrated that
the BSW can be diffracted and focused by locally shaping
the geometries of 2D photonic devices on the multilayer,
producing elements such as lenses, prisms, and gratings [2].
Due to their dielectric nature, BSW elements provide rela-
tively lower losses and longer propagation distances. This
property is of special interest for BSW-based 2D optical cir-
cuits or sensors [3-5].

This paper will focus on a waveguide coupler consisting of
parallel ultra-thin polymer waveguides (thickness ~1/15).
When the waveguides are close enough, coupling occurs be-
tween adjacent waveguides. Advantages of thin optical ele-
ments are the capability of observing propagating light in
the structures using near-field measurements and the relative
ease of fabrication. In the first section, we will theoretically
study the coupling length as a function of different geometri-
cal parameters. Next, the coupling process is carefully
observed through measurements of near-field amplitude
and phase on two BSW directional couplers. Then, a Fourier
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transform (FT) analysis is performed to study the mode propa-
gation characteristics in the second waveguide coupler where
multiple modes are present. This work enables understanding
of the fundamental principles of evanescent coupling in BSWs
and thus provides one step toward building BSW-based 2D
optical devices, such as BSW switches, BSW modulators,
and BSW resonators.

2. STRUCTURE AND EXPERIMENTAL
SETUP

In this work, the multilayer structure is designed for trans-
verse electric (TE) polarized light where the electric field is
along the y direction [see Fig. 1(a)], for wavelengths around
1550 nm. It consists of six pairs of silicon nitride and silicon
dioxide planar layers having refractive indices of 1.79 and
1.45, respectively, at 1 = 1500 nm. The multilayer is fabricated
using plasma-enhanced chemical vapor deposition. The thick-
nesses of the layers are 263 and 492 nm, respectively. An extra
80 nm thick layer of silicon nitride is deposited on the top. The
device of interest, in this case a waveguide coupler, is made of
a 100 nm thick layer of AZ1518 photoresist (PR) (n = 1.458, at
1500 nm) and patterned by UV lithography. The excitation of
the BSW is performed under total internal reflection, with a
Kretschmann configuration using a BK7 glass prism in order
to match the propagation constant of the BSW. The sample
(glass substrate with multilayer) is placed on a prism with
index matching oil. The experimental setup is shown in
Fig. 1(a). The incident beam is focused and coupled and prop-
agates initially only in the first waveguide. The light propagat-
ing in the device is then observed using a multiheterodyne
scanning near-field optical microscope (MH-SNOM) devel-
oped in our lab [6,7]. The MH-SNOM allows the simultaneous
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Fig. 1. (a) Schematic diagram of the experimental setup to study the
BSW waveguide directional couplers. The Kretschmann configuration
with a BK7 glass prism is used in order to excite the BSW. Identical
waveguides are patterned in parallel in the PR layer on top of the mul-
tilayer. The first waveguide is 120 pm long to enable initial coupling of
the BSW and avoid direct injection into the other waveguides of the
array. (b) Top view of the waveguide coupler composed of PR ridge
waveguides fabricated on the multilayer. L is the waveguide length, w
is the waveguide width, and the gap defines the separation between
adjacent waveguides.

measurement of the near-field amplitude and phase of the
propagating waves in the waveguides and in the vicinity of
the coupling zone [8,9].

3. NUMERICAL ANALYSIS

The 3D finite-difference time-domain (FDTD) method is one
of the most accurate techniques for the simulation of light
propagation in nanostructures [10,11]. However, when ap-
plied to large structures, extensive computation time and
memory storage are needed. Therefore, an assumption valid
in our case is applied in order to transform a 3D-FDTD prob-
lem into a 2D simulation. In the 2D-FDTD simulations, the
BSW properties are first calculated by simulating the bare
multilayer. The BSW mode is then injected in the plane of
the top layer. The effective indices are considered for simu-
lation instead of the refractive index of the material. In this
way, we consider the coupled BSW as the incident beam,
and the waveguides are considered as infinite in the x direc-
tion. The BSW effective index of the bare multilayer, 7y, and
the PR-coated multilayer, npg, are deduced from their corre-
sponding dispersion curves [2], verifying the condition
Nyipr = Ny Sin 6, where n, is the glass refractive index
and 6 is the incident angle. Thus, we find nyy, = 1.1786 and
npr = 1.2343. A schematic of the simulated directional cou-
pler is shown in Fig. 1(b). We considered 20 identical parallel
waveguides in order to avoid the backcoupling of light. FDTD
simulations allow the calculation of the effective index, the
coupling length, and the field distribution. Numerical analyses
are performed using the CST microwave studio (version 2013)
commercial software based on the FDTD method. L, defining
the length of the waveguides, is long enough in order to
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neglect backreflection. Experimentally, the waveguide length
is on the order of centimeters, while it is 350 pm in the sim-
ulations due to memory limitations. However, this length is
sufficient to observe the coupling effect between adjacent
waveguides.

Figure 2(a) shows the effective indices of both fundamental
and second-order eigenmodes with different PR-waveguide
widths. The increase in effective index with increasing wave-
guide width results from the differing light distribution of the
low and high refractive index media. When the width (w) in-
creases, more of the mode is found in the high index medium,
and the effective index converges to the high refractive index.
For a small waveguide width, while the light is confined in the
waveguide, the exponential tail outside the waveguide is
stronger, leading to an effective index that approaches the
low refractive index. For larger w, the second-order mode
can also be supported by the PR waveguide, and 7. increases
with the waveguide width and approaches the fundamental
mode effective index. As we can see, from w = 2 pm,
the waveguides allow the propagation of both first- and
second-order modes.

According to the coupled mode theory, studied in detail
elsewhere [12], for two parallel guides the coupling length can
be calculated from the following equation: L, = =/ (f, — f,)- L
corresponds to the length where the maximum power transfer
occurs. f, and f, are the propagation constants of the even
and odd normal modes. L, can be also expressed in terms of
the coupling coefficient: L, = n/2 k. f, and S, depend on the
waveguide geometries, whereas k is a function of the mode
overlap in the waveguide coupler. It strongly depends on
the separation between adjacent waveguides. In the case of
three identical waveguides, the coupling length depends on
the waveguide used for injection. When an outer waveguide
is fed, the coupling length for an input beam on waveguide
number 1 to be completely coupled to waveguide number 3
is L, = 2z /(B. - P,). It is two times longer than the coupling
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Fig. 2. (a) Effective index of the dielectric waveguide modes versus
the width of the waveguide. The field distributions of the waveguide
modes are shown in the insets. (b) With An = 0.055, gap = 1 pm, cou-
pling length as a function of waveguide width, w. (c) L. as a function
of the gap spacing and the waveguide refractive index, keeping
w = 3 pm. (d) With An = 0.055, L. for two and three waveguide cou-
plers (outer and center fed). The waveguide width is fixed at 3 pm.
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length with the center waveguide feed [13]. #, and f, corre-
spond to the symmetric (even) and antisymmetric (odd)
modes, respectively.

A variety of examples that address the effect of varying
parameters including the gap, waveguide width, number of
parallel waveguides, and refractive index contrast are pre-
sented in this section. The refractive index contrast is created
when adding an additional layer on the platform. It corre-
sponds to the difference between the effective index of the
BSW mode when excited with the bare multilayer (platform)
and the effective index for the BSW mode when an additional
layer is added. First, the refractive index contrast is fixed at
0.055, and the waveguide width varies from 1 to 10 pm. The
coupling length is calculated and plotted in Fig. 2(b). Increas-
ing the width, w, results in an increase in the waveguide propa-
gation constant of both symmetric and asymmetric modes. For
high w, the propagation constant of the second-order mode
remains closer to the fundamental one, leading to a strong in-
crease of the coupling length. The coupling length depends on
other physical parameters: the gap spacing, refractive index
contrast, and total number of waveguides. Figure 2(c) shows
the plots of L, as a function of gap and An, and Fig. 2(d) shows
plots of L, as a function of gap and N, where N is the number
of waveguides considered. One can see that L, is strongly de-
pendent on these parameters. First, in Fig. 2(c), L, increases
with both the gap spacing and An. This is expected because
increasing the separation distance or confinement of the mode
results in a reduction of the coupling efficiency and thus an
increase of the corresponding coupling length. Figure 2(d)
shows that when varying the guide separation, the three-
waveguide coupler with center feed has lower L., whereas
the three-waveguide coupler with outer-guide feed needs a
longer length for a total transfer of energy.

In summary, one can scale the design of the waveguide
components with a given index contrast to obtain the desired
coupling length.

4. EXPERIMENTS AND DISCUSSION

First, a near-field measurement is performed on a BSW direc-
tional coupler with 3 pm wide waveguides separated by a gap
of 1 um, as shown in Fig. 3(b). The near-field scan covers the
first (left-most) 6 of the 20 identical waveguides on the sample.
Experimentally, the incident beam having a fixed wavelength
of 1 = 1562 nm is injected into the directional coupler with an
incidence angle of 54°. Both the simulated electric field distri-
bution and the experimental near-field measurements are com-
pared in Figs. 3(a) and 3(b), respectively. As can be seen, after
launching light into the left-most waveguide, a complete power
transfer to the adjacent guides occurs after a propagation dis-
tance of ~250 pm. From both the measured and simulated field
distributions, wavy patterns are observed, resulting from the
interference between the coupled modes [14]. The experimen-
tal results in Fig. 3(c) show the power transfer from the first to
the adjacent waveguide. Figure 3(d) presents the intensity pro-
file at z = 140 pm compared to the device topography at the
same location. It illustrates that there is high field amplitude
in the second waveguide from the left and a weak field in
the surrounding region.

Second, for comparison purposes, near-field measurements
are performed on another directional coupler with w = 2 pm,
gap = 2 pm. The simulated and measured near-field amplitudes
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Fig. 3. Single mode coupling on aw = 3 pm, gap = 1 pm waveguide
coupler which contains 20 identical waveguides. (a) Simulated (FDTD
method) electric field amplitude in comparison with (b) experimental
near-field measurement results. (¢) Field amplitude taken from the
first and second waveguide (from left) along 2z, where the observed
coupling length indicates the energy exchange. (d) Amplitude profile
atz = 140 pm in (b) compared to the topography measurement at the
same location. The position of the peak field amplitude clearly shows
that the light is coupled into the second waveguide from the left.

are shown in Figs. 4(a) and 4(b), respectively. The first (anti-
symmetric) mode is excited and propagates along the left-most
waveguide, which is 28 pm longer than the rest of the wave-
guides in order to enable an initial coupling of the BSW and
to avoid direct injection into the other waveguides of the array.
The laser wavelength is maintained at 1562 nm.

The cross-section profiles of the measured near-field ampli-
tude and topography at different 2 positions along the left-
most seven waveguides are shown in Figs. 4(c) and 4(d).
The measured phase maps of the regions indicated by the gray
squares are shown in Figs. 4(e) and 4(f). In Fig. 4(c), we see a
cross-section profile in the region shortly after entering the
waveguide array region (2 = 14 pm), where the symmetric
mode in the left-most guide is strongest; light is confined at
the edges and lies in between the waveguides. The # shift
in the phase map shown in Fig. 4(e) indicates clearly the m =
1 mode. In Fig. 4(d) (z = 254 pm), we observe that energy has
been coupled into the adjacent guides as the maximum energy
is in the second waveguide from the left. Figure 4(f) shows
that the fundamental mode (asymmetric) is excited, and light
is well confined in the waveguides.

An analysis of the mode propagation in the second wave-
guide coupler is performed using the FT. The experimental
data is based on the undersampled near-field amplitude and
phase measurements of the propagating wave as shown in
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Fig. 4. (a) Simulated and (b) measured near-field amplitude on the
w = 2 pm, gap = 2 pm directional coupler. The injection zone is on
the left-most single waveguide (WG). The single waveguide joins
the waveguide array at 2 = 0 pm; cross-section profiles of the mea-
sured near-field amplitude and topography for (¢) z =14 and
(d) 2 = 254 pmy; (e), (f) Measured phase maps of the regions indicated
in gray in (c) and (d), respectively; the z phase shift illustrates the
second mode in (e).

Fig. 4(b). Figure 5(a) shows the FT along the propagation (2)
direction of the area indicated by the dashed lines in the inset.
The region covers the first (left-most) waveguide [shown in
Fig. 4(b)] from z = 12 to 172 pm with 81 sample points (sam-
ple spacing of 2 pm). Similarly, in Fig. 5(b), we show the FT for
the second waveguide but in the region from z = 272 to
382 pm with 56 sample points (sample spacing also 2 pm),
again indicated by the dashed area in the inset. Given that
the sample spacing is 2 pm, the frequency span shown in
Figs. 5(a) and 5(b) ranges from 0 to 0.5 pm~!. These data
are then averaged in the transverse (y) direction, producing
the spectra shown in Figs. 5(c) and 5(d). In Fig. 5(c), we
see four significant peaks in the spectrum, located at values
0f 0.216, 0.235, 0.259, and 0.272 pm~!. In Fig. 5(d), we have one
significant peak at 0.268 pm~!. For the given number of mea-
surement points, the resolution of each spectrum is
approximately 0.00617 and 0.00893 pm~!, respectively. Within
the resolution of the measurement data, the peak in Fig. 5(d)
and the right-most peak in Fig. 5(c) can be considered to be at
the same frequency.

Theoretically, the propagation constants are calculated us-
ing the CST microwave studio 2D mode solver. As discussed
in Section 1, the computed values depend strongly on the geo-
metrical parameters of the structure. Simulations show that a
2 pm wide waveguide with a 2 pm gap distance has a propa-
gation constant of 0.7771 pm~! for the fundamental mode and
0.7355 pm~! for the second mode. Since the sampling fre-
quency used in the experimental near-field measurements
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Fig. 5. FT performed on the complex near-field measurement data
corresponding to the y-z area (a) in the left-most guide for
2 = 12-172 pm, and (b) in the second guide from the left for z =
272-382 pm [see Fig. 4(b)]. The FT is performed along z for each y
position with 81 or 56 sampling points, respectively, and the trans-
verse (along y) average is illustrated in (c) and (d), respectively. Four
main peaks of 0.216, 0.235, 0.259, and 0.272 pm™! are found within the
dashed area around the left-most waveguide in (a). Similarly, one peak
0f 0.268 pm~! is found within the dashed area around the second left-
most waveguide in (b).

is well below the Nyquist frequency for the propagating
waves, we expect to have aliasing effects in the spectrum.
The frequency span of the spectra is 0.5 pm!, given the con-
stant 2 pm scan spacing, meaning that the frequency peaks in
the results can be expected to be found with an integer multi-
ple of this frequency span value added or subtracted. The
peaks described above at 0.272 pm™! in Fig. 5(c) and at
0.268 pm~! in Fig. 5(d) correspond to the predicted values
of the propagation constant for the fundamental mode. The
peak in Fig. 5(c) at frequency 0.235 pm-! shifted by one fre-
quency span also corresponds to the predicted frequency of
the second mode. The remaining two peaks in Fig. 5(c) are
the approximate complements of the two frequency values
discussed above, modulo the frequency span of
0.5 pm~ (0.272 4 0.216 = 0.488 ypm~! and 0.235 4 0.259 =
0.494 pm1). These peaks correspond to the backward propa-
gating fundamental and second modes of the input waveguide.
Considering the relative amplitudes of the four peaks in
Fig. 5(c), this suggests that the forward-propagating second
mode is the dominant signal, followed by the backward-propa-
gating second mode, the forward-propagating fundamental
mode, and lastly the backward-propagating fundamental
mode (with a significantly lower amplitude). In Fig. 5(d), con-
sidering the second waveguide far from the input coupler re-
gion, we see that only the forward-propagating fundamental
mode is seen.

5. CONCLUSIONS

In conclusion, a waveguide directional coupler fabricated on
an ultra-thin (~1/15) BSW-sustaining multilayer has been
studied experimentally and theoretically. First, the impacts
of the refractive index contrast, gap separation, and wave-
guide width on the coupling length are investigated in simu-
lation. Then the performance of example devices is verified
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experimentally. Two waveguide couplers with different geom-
etries are studied. The coupling and energy transfer process is
carefully observed through measurements of the near-field
amplitude and phase. The coupling length is calculated and
compared with the measured field distribution. Comparing
the two measured waveguide couplers, the geometry of the
second device has a reduced guide width and an increased
gap. As expected from the theoretical prediction, the observed
coupling length increases in the second case. This is because
after the second mode vanishes, only the fundamental mode is
left, and the effect of the waveguide gap is greater than that of
the guide width. This study contributes to understanding and
designing the evanescent coupling function in BSW devices
such as BSW switches, BSW modulators, and BSW resonators
in BSW-based optical communication, all optical integrated
optical systems, and optical sensors.
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