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Abnormal blocking of a guided mode propagating
in a silicon optical waveguide with periodic tunnel coupling

E.A. Kolosovskii, A.V. Tsarev

Abstract. This paper considers abnormal blocking of a guided
mode propagating in a silicon optical waveguide with periodic tun-
nelling inserts. Using an independent two-dimensional analysis by
the method of lines (MoL) and direct simulation by the finite-differ-
ence time-domain (FDTD) method, we have identified additional
signal blocking bands, unrelated to Bragg conversion to backward
guided modes of the parent silicon waveguide. These bands are due
to the conversion of the incident wave energy to a leaky quasi-mode
of the periodically segmented structure, which subsequently trans-
fers the energy to the ambient medium in the form of radiation
modes. A distinctive feature of this phenomenon is resonant cou-
pling of the guided mode of the strip waveguide with its radiation
modes, which is due to the weak tunnel coupling with the periodi-
cally segmented structure. This structure does not support inde-
pendent guided propagation, so the energy stored in it is re-emit-
ted to space. The abnormal blocking effect may find application
in optical telecommunications elements and in the fabrication of
optical sensors.

Keywords: silicon photonics, integrated optics, optical waveguide,
diffraction grating, segmented waveguide, method of lines, finite-
difference time-domain method, nanophotonics.

1. Introduction

Tunnel coupling in optical elements is used in designing vari-
ous integrated optical devices for a wide range of practical
applications [1, 2]. In the last decade, silicon photonics has
joined the ranks of the most in-demand technology platforms
for the development and fabrication of photonic elements and
devices [3—5]. Optical tunnelling through an oxide buffer
layer between a thick polymer waveguide and a tapered sili-
con waveguide in the form of photonic wire is used to ensure
efficient coupling of the latter with optical fibre [6]. A similar
approach was recently proposed for an efficient crossing of
silicon photonic wires, a process in which an optical wave tun-
nels upwards and back between tapered parts of a thin single-
mode silicon waveguide and thick two-mode polymer wave-
guide, which ensures that the wave rounds the intersection

region at a low level of parasitic scattering [7, 8]. Such a tech-
nological approach can ensure multiple (up to hundreds of)
crossings of small silicon waveguides with low added losses in
a wide range of optical wavelengths [8] and find application in
the fabrication of optical filters and multiplexers based on
coupled waveguides [9, 10].

Note that, in the case of an optical wave propagating
along a silicon wire, upper intermediate polymer waveguides
work as periodic segmental inserts (Fig. 1). It is known that,
acting as a diffraction grating, such inserts can cause efficient
Bragg reflection of a guided mode in the reverse direction at
certain wavelengths, thus terminating the propagation of the
guided optical mode in the forward direction. As a conse-
quence, in the case of multiple crossings the structural param-
eters and operating range of intersecting silicon wires in opti-
cal microchips should be chosen with allowance for the pos-
sible backreflection of the forward signal of the guided wave
due to tunnel coupling with the periodic segmental polymer
inserts described previously [8, 9]. Otherwise, signal propaga-
tion can be distorted.

layer
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Figure 1. Schematic of the tunnelling scattering of a guided mode by
periodic polymer strips for modelling by the method of lines (using S
matrices).
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Our results indicate that, in addition to the known effect
of Bragg reflection to a backward guided mode [11, 12], this
structure (Fig. 1) can lead to an unusual effect: abnormal
blocking of forward wave propagation in which the wave
reflected to the backward guided mode is essentially missing
or considerably suppressed [13]. We interpret this as a mani-
festation of resonance tunnel coupling of the guided mode of
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the silicon wire with a virtual leaky mode of the segmented
polymer waveguide based on periodic dielectric polymer
inserts.

Periodically segmented waveguides are widely known in
the scientific literature [14] and usually have the form of a
grating structure with a completely etched core of the parent
optical waveguide. The technology of such structures is well
developed. As a rule, use is made of reactive ion etching
(RIE), which is widely employed in micro- and nanoelec-
tronics, as well as in the fabrication of optical waveguides,
including polymer waveguides [15-17]. Segmented wave-
guides differ in optical properties, depending on the ratio of
the grating period A to the optical wavelength A,. They can
cause [14]

scattering into radiation modes;

Bragg reflection of guided modes; and

propagation of a low-loss optical wave in a subwavelength
grating (SWG) structure.

The first case is basic to the fabrication of efficient grating
coupler elements for light coupling into and outcoupling from
a waveguide [18—-20]. Such waveguides can also be used for
ensuring mode selection in wide strip and grating loaded
quasi-single-mode waveguides in high refractive index con-
trast structures [21].

Segmented Bragg-reflection waveguides are used in the
fabrication of Bragg reflectors in distributed feedback lasers
[22, 23], as well as in band rejection filters [24—26].

Subwavelength grating structures find combined applica-
tion in silicon photonics: from controlling (engineering) the
properties of optical waveguides to enhancing the functional
capabilities of optical elements (from grating coupling ele-
ments to optical waveguide crossings [14]).

In this work, using numerical simulation techniques we
analyse tunnel coupling of optical fields of silicon wire with a
periodically segmented waveguide operating in light scatter-
ing mode at A > 4,/2. We find and describe conditions under
which a periodically segmented structure exhibits properties
of a virtual (artificial) leaky waveguide ensuring abnormal
blocking of the propagation of an incident guided mode with-
out backscattering into an oppositely directed guided wave
(as is characteristic of Bragg reflection).

2. Blocking of an optical wave
by vertical tunnel coupling with a periodically
segmented structure

The abnormal blocking effect is well observed for relatively
long grating structures with a large number (M > 300) of peri-
odic inserts that form a segmented waveguide and have weak
tunnel coupling with an adjacent high-index silicon waveguide
(Fig. 1). In this work, our analysis is limited to a two-dimen-
sional (2D) case of a parent three-dimensional problem, which
is treated here using the effective index method (EIM) [27]. We
used our home-written software [8] based on the semianalytical
matrix method of lines (MoL) [28], which showed itself to good
advantage in solving such problems [§,29, 30]. The results
obtained with the algorithm of the method of lines were veri-
fied independently using direct numerical simulation by the
finite-difference time-domain (FDTD) method [31] with RSoft-
SYNOPSYS licensed software [32].

According to the approach underlying the method of lines
[28], a complete solution for the x transverse field in each

homogeneous z-axis-extended layered medium can be written
in analytical matrix form as
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Here, A and B are columns of coefficients for forward and
reverse waves, respectively. Owing to this notation, one can
make formal mathematical calculations for a sequence of lay-
ered media or their alternation [30]. Between any two (verti-
cal) boundaries, the matched amplitudes 4 and B have a clear
meaning of a forward and a reflected wave. The large propa-
gation matrix S (as the main characteristic of the scattering
problem) can be found numerically and fully determines all
possible solutions in each layered region.

Along with the analytical capabilities of the matrix expo-
nential, the strong point of the MoL approach is that it auto-
matically takes into account optically contrast dielectric per-
mittivity boundaries, because the boundaries are always
included in the x; (j = 1...N) grid for the y(x;z) field.
Solution transfer across the x; + 0 boundary is rigorous and is
fulfilled for the y; fields together with all four derivatives (as
in our implementation of the MoL), which are extracted using
differentiation of the starting wave equation. In the case of
orthogonal (TE and TM) polarisations, the S matrices differ.
For a given layered region, the S matrix is calculated once.
For example, for the structure with alternating regions in Fig.
1, it is sufficient to calculate just two matrices (S, and S;) once
(as shown in Fig. 1), independent of the number of polymer
inserts.

In this work, we used a modified MoL with a variable x;
step and an arbitrary number M of periodically alternating
segments. To speed up computation, the number of seg-
ments used in the MoL is typically M = 2V. The scattering
problem then reduces to the simplest recurrent expressions
over S matrices and reflection/transmission matrices of indi-
vidual segments [30]. To implement the MoL algorithm, an
arbitrary number of segments, M, was expanded into a
power series in 2 and the complete solution of the problem
was found using (1) via the analytical summation [30] of par-
tial solutions for each group of 2F elements with nonzero
coefficients in the expansion of M. Possible scattering by the
boundaries of the computation region was suppressed by
utilising perfectly matched layer (PML) boundary condi-
tions [33]. In our case, we used 11 absorbing PMLs with a
total thickness of 0.5 um.

Note that the analytical capabilities of the MoL ensure
significant advantages over numerical methods of direct sim-
ulation as to computation efficiency. This enables exact
results to be obtained in the case of multiple scattering even
for weak tunnel coupling and extremely weak scattering (at a
level of 10719 and below relative to the incident power on each
individual reflecting element).

Figure 1 illustrates the geometry of the tunnelling scatter-
ing of light by periodic polymer inserts. The arrows schemati-
cally represent the incident and reflected TE, fundamental
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modes of the optical waveguide (shown at left) and scattered
fields. The wavelength in our simulations was 1.55 um, and
we examined a standard silicon-on-insulator (SOI) structure
in which a thin silicon optical waveguide was formed on a
thick oxide layer 2 um in thickness, with a refractive index of
1.447, situated on a silicon substrate (refractive index of
3.478). The period of the structure, 1.6 um, corresponds to
resonance tunnel coupling in the first order of diffraction
(p = 1) for the incident wave of the silicon waveguide and the
leaky wave of the segmented waveguide, propagating in the
forward direction. The refractive index and thickness of the
silicon wire (in the 2D approximation) are 3.0 and 0.22 pum.
The refractive index and thickness of the polymer inserts are
1.521 and 1.1 um, and those of the oxide buffer layer between
them are 1.4 and 0.3 um, respectively.

Figure 2 shows the spectral dependences of transmit-
tance (7)) and reflectance (R) calculated in a wide spectral
range for the TE, fundamental mode by the method of lines.
The calculation results indicate that the TE, mode coupled
into the silicon waveguide can propagate with insignificant
losses through a waveguide structure containing a large
number of periodically arranged polymer tunnelling inserts.
The only exception is a finite set of fixed wavelengths for
which there is resonance Bragg scattering in different orders
of diffraction into the guided TE; mode of the silicon wave-
guide (Ag = 1.5319 and 1.8236 um) and to the virtual leaky
mode of the segmented waveguide (4, = 1.52545, 1.54983 and
1.94125 pum).
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Figure 2. (Colour online) Spectral dependences of optical transmit-
tance ( 7) and reflectance ( R) for the TE, fundamental mode of an opti-
cal waveguide in the presence of different numbers (M = 1024 and 2048)
of periodically arranged scattering dielectric polymer strips. We identi-
fied peaks corresponding to incident wave energy conversion to both
the guided mode (G) and leaky wave (L) for various orders of the dif-
fraction grating (p) (two-dimensional calculation by the method of
lines).

Note that the periodically segmented polymer structure
has a large period (1.6 wm), and the condition for strong
scattering to radiation modes is fulfilled for it. Numerical
simulation results for optical wave propagation through a
separately located segmented waveguide demonstrate
(Fig. 3) that, in contrast to subwavelength structures, it has
a very high propagation loss (at least 70 dB cm™! even
beyond the Bragg blocking band; see the plateau in the cen-
tral part of Fig. 3). Thus, it is not an optical waveguide in

the ordinary sense of the word, but, as shown below, this
segmented structure tunnel-coupled to a thin silicon wire
acquires properties of a leaky waveguide capable of support-
ing the propagation of a localised optical mode whose
energy is emitted as it propagates. Figures 4-9 illustrate this
effect in greater detail.
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Figure 3. Spectral dependences of the loss ¢ in a separately located seg-
mented waveguide at various polymer core thicknesses H (two-dimen-
sional calculation by the method of lines).

Figure 4 illustrates the spectral behaviour of the transmit-
tance (7)) and reflectance (R) for the TE;, mode propagating
in a silicon waveguide in the presence of a periodically seg-
mented polymer structure of various thicknesses H. Note that
the guided mode blocking level depends on the type of process
(forward, i.e. p = 1, or backward, p = —4); the number of ele-
ments, M (the length of the segmented structure, L); and
thickness H, which determines the wavelengths at which there
is coherent conversion to leaky waves of different directions
(Fig. 5). Using these data and the Bragg matching conditions
for different orders of diffraction, p, we can determine the
effective mode indices (Ny) of leaky waves in a segmented
waveguide (Fig. 6).
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Figure 4. (Colour online) Spectral dependences of transmittance (7)
and reflectance (R) for the TE, fundamental mode of an optical wave-
guide in the case of scattering to a leaky wave at various thicknesses H
of a segmented waveguide with M = 1024 (two-dimensional calculation
by the method of lines).
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Figure 5. Blocking wavelength as a function of segmented waveguide
thickness for the TE, fundamental mode under resonance conditions
between the mode of the silicon wire and the segmented waveguide’s
virtual leaky mode propagating forwards (p = 1) and backwards (p =
—4) at different orders of diffraction, p; M = 1024, buffer layer thickness
d = 0.3 um (two-dimensional calculation by the method of lines).
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Figure 6. Effective mode index as a function of the thickness of peri-
odic polymer strips for a virtual leaky mode of a segmented waveguide;
M = 1024, buffer layer thickness d = 0.3 um (two-dimensional calcula-
tion by the method of lines).

Under nearly optimal conditions for conversion to a for-
ward leaky wave (p = 1, H= 1.0 and 1.1 pum), we observe an
abnormally strong guided mode transmission signal suppres-
sion at an extremely low backreflection level (abnormal
blocking effect). Conversion to a backward leaky wave occurs
in a high order of diffraction (p = —4) and, at the structural
parameters used by us, has lower efficiency and a high level of
parasitic scattering to the backward guided mode. For this
reason, we concentrate here on a more efficient conversion to
a forward leaky wave, for which the period of the structure
was chosen to be 1.6 um, which ensures phase matching
between interacting waves in the telecom range in the first
order of diffraction (p = 1).

To gain greater insight into this unusual effect, we con-
structed images of total optical fields for two closely spaced
optical wavelengths. For one wavelength (Fig. 7, 1 =
1.54983 um), there is a strong guided mode propagation
blocking due to the efficient grating-induced coupling of
the guided mode of the parent waveguide with the leaky
wave of the segmented waveguide. At a number of periodic
segments M = 1024, near the optimal value M, = 950 (for
H = 1.1 um and 4 = 0.3 um), most of the energy of the
guided wave converts to the leaky wave and then converts
to radiation modes or is emitted through the end face of

the segmented structure (Figs 7a, 7b). At the larger number
of segments (M = 2048), the incident wave energy ‘passes’
twice upwards and downwards between the conventional
and segmented waveguides (Fig. 7¢), but, because of the
loss due to the emission of the virtual leaky mode (above),
the residual energy of the wave in the silicon wire (below) is
considerably lower than the initial energy of the incident
wave. As mentioned above, the phenomenon has a reso-
nant character.
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Figure 7. (Colour online) Spatial electromagnetic field density distribu-
tions for resonance conversion of the guided TE; mode (Mode) to a leaky
wave (Leaky) of a segmented waveguide (4 = 1.54983 um, p = 1): (a) total
field at M = 1024, (b) detailed field distribution at the right-hand end of
the structure for M = 1024, (¢) total field at M = 2048. Two-dimensional
calculation by the method of lines, H= 1.1 pum, d = 0.3 um.

Next, we slightly shifted the operating wavelength (by
0.001 um) (Fig. 8), which led to drastic changes in the field
density distribution. The shift caused a deviation from the
Bragg conditions of matching with a virtual leaky wave and,
as a consequence, the conversion of the guided mode energy
in the silicon wire to the virtual mode energy dropped sharply.
As a result, we observed efficient TE, wave transmission
under the segmented structure, accompanied by slight attenu-
ation (caused by a weak coupling with radiation modes),
whose magnitude was determined by the thick tunnel buffer
layer (d = 0.3 um) between the parent waveguide (below) and
the segmented structure (above).

To independently verify the results obtained by the semi-
analytical method of lines, we carried out a similar analysis
using the finite-difference time-domain method [28], which
can be considered to a certain extent as a numerical experi-
ment. Figure 9 compares the results obtained for our 256-seg-
ment structures by the method of lines and the FDTD
method. It is seen that the spectral dependences of the coeffi-
cients R and T are very similar in shape. In particular, they
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Figure 8. (Colour online) Spatial electromagnetic field density distribu-
tions for nonresonant conversion of the guided TE; mode (Mode) to a
leaky wave (Leaky) of a segmented waveguide (4 = 1.54883 um, p = 1): (a)
total field at M = 1024, (b) detailed field distribution at the right-hand
end of the structure for M = 1024, (c) total field at M = 2048. Two-
dimensional calculation by the method of lines, # = 1.1 um, d = 0.3 um.

demonstrate an abnormal blocking effect (sharp dips in the
transmitted wave) at a low level (under —25 dB) of the reflected
reverse wave to the fundamental mode of the silicon wire. It is
well seen that, in the case of Bragg diffraction (A ~ 1.53 um)
into the backward guided mode, there is a simultaneous
decrease in the power of the transmitted wave (7') and a com-
parable increase in the power of the reflected wave (R), just as
in Fig. 4.

Note the slight difference in the position of the peak of the
resonant blocking of the transmitted wave, which is attribut-
able to the common shift of the curves because of the finite
computation grid step (40 nm) in the FDTD method. In this
sense, from the viewpoint of the application of numerical
methods, the modelled structures are not absolutely identical.
Because of the difference in computation grid step, the effec-
tive refractive indices of optical modes differ slightly (by
0.33%) and the spectral curves are displaced as a whole rela-

tive to each other, without changes in the mutual arrange-
ment of the peaks. Because of this, as a result of the slight
distinction between the effective refractive indices, phase
matching conditions are observed at slightly different wave-
lengths, as illustrated by Fig. 9. This distinction is not critical
and decreases with decreasing computation grid step, but this
is accompanied by a considerable increase in computation
time and required RAM, which is especially critical for the
FDTD method at the large dimensions of the structure that
were used in our numerical experiments.
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Figure 9. (Colour online) Spectral dependences of optical transmit-
tance (7") and reflectance (R) for an optical waveguide with periodic
tunnelling inserts; M = 256 (two-dimensional calculations by the meth-
od of lines and the FDTD method; d = 0.1 um).

The minimum in transmittance is observed at the opti-
mal number of segments M, = 950, which is smaller than
that in the structure simulated by us. We carried out an
additional analysis and optimisation of the parameters of
the band rejection filter based on the proposed periodically
segmented structure, optimised the number of segments for
each group of parameters and determined the key parame-
ters of the filter: rejection rate, rejection and parasitic back-
scatter levels for the fundamental mode, and blocking fre-
quency band at various decibel levels (Adzgp, Adjpqp and
AAyogp) (Table 1). It is well seen that, varying parameters of
the structure, one can change the rejection bandwidth by
approximately a factor of 5, while maintaining the low level
of parasitic signals (under —40 dB). Increasing the length of
the structure reduces the filtering bandwidth, but only to a
certain level, starting at which a limitation on the linewidth
begins to show up due to the high attenuation level (above
70 dB) of the leaky wave of the segmented waveguide. Note

Table 1. Principal parameters of optical band rejection filters based on structures with various buffer layer thicknesses d.

dfum Magp/nm  Adjggp/nm Apggp/nm Afum T/lum  R/um Moy L/mm M pLlfmm?> Ny

0.1 4.32 1.52 0.5 1.55946 47.6 41.1 317 0.51 2.19 1.40726
0.2 2.62 0.87 0.28 1.55600 58.4 41.9 611 0.98 2.56 1.410849
0.3 1.57 0.49 0.15 1.55345 43.1 44.7 1280 2.05 3.22 1.413491
0.4 0.85 0.26 0.09 1.55133 45.5 47.3 2767 4.43 3.76 1.415688
0.5 0.6 0.22 0.08 1.54960 79.6 62.4 9020 14.43 8.66 1.417482
0.4 0.82 0.25 0.075 1.55069 45.1 46.1 2767 4.43 3.63 1.416088

" The refractive index of the medium around the polymer inserts was changed by 0.001 (from 1.4 to 1.401) in order to demonstrate the use of the
filter as an optical sensor.
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that the proposed type of optical band rejection filter has a
very broad free spectral range (above 290 nm), which is lim-
ited from below by parasitic scattering to a leaky wave (4 =
1.526 um) and the backward guided mode (4 = 1.532 um)
and from above by possible processes in high orders of dif-
fraction (at wavelengths above 1.823 um), as illustrated in
Fig. 3.

Also presented in Table 1 are illustrative data on the
use of the proposed filter as an optical sensor at H =1 um.
To assess its sensitivity, we calculated the properties of the
sensor at different refractive indices of the medium around
the segmented structure (n = 1.4 and 1.401, An=0.001) and
determined the filtering frequencies and effective refractive
index N of the segmented waveguide. Next, using these
data we found that the relative sensitivity to changes in
refractive index was ANp/An = 0.4 and that to changes in
wavelength was AA/An = 0.63 um. Note that these values
are approximately twice those of the sensitive part of sili-
con wire-based sensors and approach those of slot wave-
guides with a slot width under 100 nm [34]. Since sensors
based on segmented waveguides are substantially easier to
fabricate than slot waveguides, the structures under inves-
tigation are potentially attractive as well for use as optical
sensors.

One point that we believe to be of critical importance is
worthy of special attention. The observed phenomenon,
which we refer to as abnormal blocking, has many features
in common with the conversion of a guided mode to a
leaky wave in a fibre configuration as a result of the dif-
fraction from long-period gratings in optical fibres [35, 36]
or diffraction from an acoustic wave into a leaky wave
[37, 38] of an anisotropic waveguide in lithium niobate
[39-41]. The described phenomenon is abnormal in that,
in an ordinary situation, the presence of a diffraction grat-
ing in the form of tunnel-coupled periodic dielectric inserts
near the optical waveguide leads to diffraction into waves
that already exist in the structure without a given perturba-
tion (in the form of a diffraction grating). In particular, in
the case of an optical waveguide this may be resonant con-
version to a backward guided mode (as in a band rejection
filter) or broadband diffraction into radiation modes (as in
grating coupling elements). In our case, the presence of a
segmented diffraction grating over a silicon wire produces
a new tunnel-coupled structure, namely, a virtual leaky
waveguide, which has its own propagation characteristics,
field distribution and attenuation, differing from the atten-
uation in an analogous segmented structure with no silicon
wire. It is with this leaky mode, which does not exist with-
out tunnel coupling between the segmented and waveguide
structures, that we consider the interaction of the guided
mode of the silicon wire.

In this sense, this phenomenon can be referred to as
‘abnormal’, because it has not been observed previously in a
standard optical waveguide configuration with a diffraction
grating and exhibits properties atypical of diffraction into
radiation modes. It is characteristic of a different type of
structure, containing an additional waveguide, which is ini-
tially missing in our interaction configuration.

3. Conclusions

Results of numerical simulation by the high-accuracy method
of lines (MoL) indicate that collective scattering of a guided
mode by a large number of periodic segmental inserts tunnel-

coupled to the parent optical waveguide may lead to an
abnormal blocking of the guided mode. In contrast to broad-
band diffraction into radiation modes by a grating coupling
element, the interaction has a resonant character. Moreover,
in contrast to the known narrow-band Bragg reflection effect,
there is no backward reflected guided mode, and all energy is
emitted to space through resonant tunnel coupling with a vir-
tual leaky wave belonging to the entire structure of periodic
segments with the silicon wire. In our case, the segmental part
of the structure has the form of a thick (H = 1.0-1.1 um)
SU-8 polymer layer, in which deep, 0.8-um-long grooves
spaced 1.6 um apart are produced by etching. The segmental
part is located over a 0.22-um-thick silicon wire in an SOI
structure with a 2-um-thick buried oxide layer and is sepa-
rated from the waveguide by a 0.1- to 0.4-um-thick buffer
layer.

The abnormal blocking of the guided mode on account
of the weak tunnel coupling with a large number of peri-
odically arranged strips operating as a virtual segmented
leaky waveguide should be taken into account in designing
and investigating photonic structures with a large number
of tunnelling scattering elements. In particular, it can be
successfully used in designing band rejection filters [24]
with a low backscatter level and sensing elements, as well
as in analysing multiple crossings of low-dimensional
waveguides in high refractive index contrast structures
[7-9].
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