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Counter-directional coupling between subwavelength-diameter silica wire and single-line-defect two-dimensional photonic crystal
slab waveguide is studied numerically using parallel three-dimensional finite-different time-domain method. By modifying silica
wire properties or engineering photonic crystal waveguide dispersion band, the coupling central wavelength can be moved to the
slow light region and the coupling efficiency improves simultaneously. One design gives 82% peak power transmission from silica
wire to photonic crystal waveguide over an interacting distance of 50 lattice constants. The group velocity is estimated as 1/35 of

light speed in vacuum.
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1. INTRODUCTION

There have been extensive studies of slow light in two-
dimensional photonic crystal slab waveguide (PCSW) [1-
3]. The applications include compact delay lines for pho-
tonic signal processing, dispersion management, enhanced
light/matter interaction for lasing, and so forth. To couple
slow light efficiently, a special interface or a mode converter
is usually needed between PCSW and connected dielectric
waveguides [4, 5]. Alternatively, we investigate the evanes-
cent counter-directional coupling between subwavelength-
diameter silica wire (SiO,-Wr) and PCSW for slow light gen-
eration. A convenient way to draw such SiO,-Wrs can be
found in [6]. There has been previous work on this type of
directional coupler [7, 8]. However, the models are mostly
two-dimensional and the coupling at slow light region is not
investigated. In this paper, we show that the coupling effi-
ciency can be improved greatly when the coupling central
wavelength (work point) is moved to the slow light region.
The work point can be altered either by changing the re-
fractive index of SiO,-Wr, or more realistically by modifying
the geometries of PCSW. Coupled mode theory is applied to
compare the group velocity, coupling efficiency, and coupling
bandwidth of the modified PCSWs.

The numerical work is done by parallel three-dimen-
sional finite-difference time-domain method (P3D FDTD).
The code, MBfrida, is part of the GEMS suite from Efield

AB [9] and is fully parallelized using message passing inter-
face. The simulations are run on Lucidor cluster located at
Center for Parallel Computers, Royal Institute of Technology
(KTH), Sweden.

2. COUNTER-DIRECTIONAL COUPLING
BETWEEN SILICA WIRE AND PHOTONIC
CRYSTAL WAVEGUIDE

The schematic of SiO,-Wr and PCSW directional coupler is
shown in Figure 1. The silicon photonic crystal slab has in-
dex 3.6 and thickness 0.6a, where a is the lattice constant.
The air-hole diameter is 0.6a. PCSW is formed by removing
one row of air holes along I'K direction. The PCSW disper-
sion band can be modified by changing §, that is, varying
the width of the waveguide. For § = 0, we name the waveg-
uide PCSWj. The index of SiO,-Wr is 1.5 and the diameter
is 1 yum. We choose to place SiO,-Wr 500 nm above the slab.
SiO;-Wr and PCSW,, are center-aligned in x and go parallel
along y. SiO,-Wr can also be placed on the side of PCSWj
[7]. However, this side coupling risks generating unwanted
photonic crystal surface modes [10] and furthermore lower-
ing the coupling efficiency. Another issue is that the photonic
crystal lattice between the line-defect and the silica wire is
limited to only a few row of air holes in order to achieve suf-
ficient side coupling, This might weaken the in-plane light
confinement of PCSW,, and lead to larger propagation loss.
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FiGure 1: Schematic of SiO,-Wr and PSCW directional coupler.

Figure 2(a) shows the band diagram of PCSW, calcu-
lated using plane wave expansion method (PWE). The zero-
order even mode is shown in diamond marker. The funda-
mental SiO,-Wr mode dispersion curve is approximately a
straight line within the band-gap. Cross point P is the work
point, where PCSWj, and SiO,-Wr share the same propaga-
tion constant. The opposite slope sign of the two dispersion
curves decides that the evanescent coupling between these
two waveguides is counter-directional. Note that since the
system is symmetric along x, there is no coupling between
fundamental SiO,-Wr mode and first-order odd PCSW.

The P3D FDTD transmission simulation is shown in
Figure 2(b) with L = 50a. The peak power transmission is
only 25%, indicating a small coupling coefficient. Also note
that the central frequency from P3D FDTD simulation dif-
fers slightly from the P point in Figure 2(a). This discrep-
ancy may result from numerical errors in P3D FDTD and
PWE methods. Another reason is that the actual dispersion
curves for both SiO,-Wr and PCSW, are slightly modified for
the weakly-coupled system compared to their unperturbed
counterparts.

3. SLOW LIGHT GENERATION

We would like to see the coupling behaviour when the work
point P moves to the flat band region of PCSW. One easy
solution is to change the SiO,-Wr properties such as wire
diameter and material refractive index. For numerical tests
we keep the diameter of SiO,-Wr as 1 ym and change its re-
fractive index from 1.5 to 1.92, 2.0, and 2.1, respectively. The
work points move from Py to P;, P,, and P; accordingly, as
shown in Figure 3(a). The power simulations are shown in
Figure 3(b). As the work point moves further into the slow
light region, the peak power transmission goes up, indicating
an increase in the coupling coefficient. The coupling band-
width goes down as the line-width of the transmission spec-
tra decreases.

This interesting phenomenon leads us to more investi-
gation. We keep the index of SiO,-Wr as 1.5 while modi-
fying PSCW geometry in order to achieve flat-band opera-

tion at the coupling point. There are a number of ways to
modify the dispersion curve of PSCW. After many trials, we
find that one effective way is to reduce the PSCW width d. As
shown in Figure 1, d = +/3a — 26, and we increase § from 0
to 0.1a, 0.2a, and 0.3a. Accordingly we name the waveguides
as PCSWy, PCSW, PCSW,, and PCSW3. The band diagrams
for PCSW,, PCSW;, and PCSW3 are shown in Figure 4. Note
that higher-order modes are pulled up from the lower-band
edge for these waveguides.

Figure 5 shows the normalised transmission for the mod-
ified waveguides in comparison to PCSW. The coupling
length L remains 50a for all cases. When § = 0.24, the peak
transmission reaches 82%. When § = 0.34, the coupling with
higher-order even mode comes into the frequency window
(Qmr). From Py to Py, we have again observed an improve-
ment of coupling efficiency when the work point moves to
the slow light region. At work point Py, the power transmis-
sion drops to 58%, despite an increase of group index com-
pared to Py;. To understand the coupling behavior better, we
have carried out the coupled mode analysis for this system.

4. COUPLED MODE ANALYSIS

We assume weak coupling between SiO,-Wr mode and
PCSW zero-order even mode. At the work point (w = wy),
the power of SiO,-Wr mode, P4, and the power of PCSW
zero-order even mode, Pg, are related by [11]

cosh*[k(y — L)]
cosh?(xL)
sinh*[x(y — L)]
cosh?(xL)

P4(y) = Pa(0)

<y<L (1)
Py(y) = P4(0)

>

P4(0) is the input light power from SiO,-Wr and Pg(0)
is the backward transferred (output) power in PCSW, at
the initial point. The coupling coefficient « is determined by
SiO,-Wr and PCSW vertical spacing as well as their individ-
ual mode profile. We define the coupling efficiency # as

_ Pg(0)  sinh’(xL)
~ Pa(0)  cosh?(xL)’

(2)

The coupling efficiency depends on the product of ¥ and
interacting distance L. When xL — oo, #7— 1. For finite «, com-
plete power transfer from SiO,-Wr to PCSW is possible when
their coupling distance L goes to infinity.

To verify the validity of weak coupling assumptions and
(2), we take § = 0.2a, which gives the highest peak transmis-
sion, and vary L from 20a to 30a, 404, 50a, and 70a. Since the
vertical coupling structure is fixed, # is only dependant on L.
We run simulations for all cases and take # as the peak value
of the power transmission spectra. The values are plotted in
Figure 6(a) as discrete data points. The theoretical relation
from (2) is plotted as solid curve in Figure 6(a). The average
deviation of the simulation values from the theoretic curve is
only 3.3%, indicating a good agreement.

Figure 6(b) gives the E, mode profile in the central slab
plane for PCSW, waveguide first-order even mode (Py;) gen-
erated from the counter-directional coupling. The power



Ziyang Zhang et al.

3
0.25 ' ' ' ' '

_ . 02t
3
S 8
& E 015}
5 =
S £
& =
& T oo1f
3 o 5
2 Coupling point Py g
g S 005}
) Z
S
Z 4

0F

-0.05 . ! . . L L X
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.26 0.265 0.27 0.275 0.28 0.285 0.29 0.295 0.3
x(27m/M) Normalised frequency (a/A)

—=— First-order (odd) waveguide mode
—— Zero-order (even) waveguide mode

(a)

(b)

FIGURE 2: (a) Band diagram of PCSW,. The blue curve with diamond marker shows the zero-order even PCSW, mode. The coupling point is
indicated as the blue dot P. Due to modal and structural symmetry, SiO,-Wr mode will not couple with the first-order odd mode of PSCW,,
(red curve with square marker). (b) Normalised power transmission in PSCW,, over coupling distance of 50 lattice constants.
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F1GURE 3: (a) The coupling points shift when the refractive index (r,,) of SiO,-Wr varies from 1.5 (Py) to 1.92 (P;), 2.0 (P,), and 2.1 (P3).

(b) The transmission comparison. As the coupling point moves to the flat band region, the coupling efficiency goes up while the bandwidth
shrinks.

TaBLE 1: Comparison of PCSW,_3;

PCSW, PCSW, PCSW, PCSW;(Pyip)
Peak transmission 7 7o =0.25 71 = 0.46 = 1.847, 12 =0.81 =3.241, 13 =0.58 =2.3219
Coupling bandwidth Aw (a/A) 0.0029 0.0020 0.0013 0.0008
Group index 1, 5.6 12.1 35.0 40.2
Coupling coefficient « (a/c/A) Ko = 0.0064 k1 = 0.0109 = 1.70x, Ky = 0.022 = 3.44x, k3 = 0.0156 = 2.44x,
Figure of merit FOM = n, Aw 0.0162 0.0242 0.0455 0.0322
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FiGure 4: Band diagrams for modified PCSW. (a) PCSW; with & = 0.1a; (b) PCSW, with § = 0.2a; (¢) PCSW3 with § = 0.3a. Note that
higher-order modes (blue curve with triangle marker and black curve with cross marker) are pulled up from the lower band edge.
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FiGgure 5: The transmission comparison for modified waveguides.
& = 0.2a (Py) gives the highest peak transmission, indicating a
sharp increase of coupling coefficient. When § = 0.34, coupling with
higher-order even mode (Qy;) comes into the frequency window.

flow in the SiO,-Wr above is along +y direction. The power
increases gradually in PCSW, along —y direction.

From coupled mode theory, the coupling bandwidth Aw
is related to x and the group velocity v, of the individual
waveguide modes by

2K 2K

Aw = =
@ l/VgB - l/VgA

C. (3)
Ngp — MgA

The group index of SiO,-Wr mode g4 is 1.2, and n,p
is the group index of PCSW mode at coupling point P. The
first two rows of Table 1 give the comparison of peak power
transmission and coupling bandwidth (full width half maxi-
mum) obtained from P3D FDTD simulations, and the third
row shows the PCSW group index at the coupling point ob-
tained from PWE method. From the second and third rows
of data and (3), the coupling coefficient is calculated. In the
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FIGURE 6: (a) Verification of weak-coupling (2). Only the coupling
length L is varied in the PCSW, case. The peak transmission data
from FDTD matches the analytical curve of (2). (b) E, field profile
in PCSW, generated by counter-directional coupling for L = 40a.

last row, we take the figure of merit (FOM) as the product of
coupling bandwidth and group index.

From Table 1 and (3), we see that there is a balance
between group index and coupling bandwidth in order to
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achieve optimal efficiency. Though PCSW3 offers the high-
est group index at the coupling point, the fast reduction in
the coupling bandwidth still brings down the coupling co-
efficient and the peak transmission. PCSW,, is the preferred
design with highest FOM, as well as the best coupling coeffi-
clent.

5. SUMMARY

To conclude, we have studied the counter-directional cou-
pling between SiO,-Wr and PCSW using P3D FDTD simu-
lations and coupled mode analysis. It is shown that the cou-
pling efficiency can be improved by moving the work point
into the slow light region. This is achieved by changing the
properties of SiO,-Wr or shortening the width of PCSW.
There is also a balance between the coupling bandwidth and
group velocity. For PCSW,, the peak power transmission is
82% over 50 lattice constants, and the group velocity is 1/35
of light speed in vacuum. SiO,-Wrs offer an alternative way
to couple slow light efficiently into PCSWs.
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