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Abstraet:  We study light coupling between two photonic crystal wave-
guides, one of which supports slow light. We show theoretically that a short
photonic crystal waveguide between the two that need to be coupled, can
lead to a vanishingly small reflectivity. The design relies on the analogy with
a A /4 anti-reflection layer in thin-film optics. We find that some of the usual
relationships between the Fresnel coefficients at an interface no lenger hold.
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1. Introduction

One of the emerging applications of photonic crystals (PCs) is their capacity to generate slow
light modes. This arises because of the unprecedented ability to manipulate the dispersion rela-
tion of light in PCs. Slow light itself has a number of important applications, such as increased
field amplitude, thereby increasing the strength of nonlinear interactions, and reduced fringe
spacing in interferometers, and hence increasing their sensitivity, for example, when used as a
modulator [1, 2]. Longer term applications include all-optical delay lines and buffers [3].

One of the factors limiting the use of slow light in PCs is the difficulty of coupling the
light into and out of the structure, essentially because of a large impedance mismatch between
the slow light region and the other waveguides that do not suppori slow light. One way of
overcoming an impedance mismatch is by using a taper [4, 5, 6]. Though this works well for
most wavelengths in a PC bandgap, and indeed efficient broadband tapers have been designed,
the taper would need to be very long in order to deal with slow modes. The reason is that the
taper needs to be long in comparison with the effective wavelength of the light. In slow light
regions, however, which occur usually near the Brillouin zone center or edge, the taper length
diverges as the group velocity v, — 0. It is true that a 96% efficient coupler into a slow mode
using a taper with a length of only eight lattice constants was designed by Pottier et al. [6]. In
this case, however, the most efficient coupling was achieved using residual Fabry-Perot effects.
In contrast, in the work reported here, these effects are our primary interest and, in fact, we
demonstrate that perfect coupling using Fabry-Perot effects can be achieved.

In optics, the challenge of reducing reflection at an impedance mismatch is a very old one.
Apart from tapering, the other method by which to reduce reflection is the use of a stack of
thin matching layers, the best known example of which is the application of a thin-film stack to
reduce the reflection when light is incident on glass from air. The simplest and thinnest of these
coatings is a single layer of thickness A /4 and refractive index ny = \/hn3, where ny and »3 are
the refractive indices of the semi-infinite media that are to be matched. This layer corresponds
to a resonance of a balanced Fabry-Perot cavity, and thus provides perfect transmission, even
if only at a single wavelength of interest. More complicated coatings, consisting of multiple
layers, have been designed to reduce reflection over wide wavelength ranges {7].

Here, we describe a method for efficient light coupling into a slow-light waveguide by using
a generalization of the A /4 layer, thereby guaranteeing perfect matching at a single wavelength.
it is somewhat similar to that of Velha et al., although their approach depends on the details of
the Bloch functions [8]. A heterostructure approach was also implemented by Ozaki et al. to
improve the coupling efficiency [9]. We work with a two-dimensional geometry [6] in order to
avoid the considerable computational demands for three-dimensional simulations, and because
the design strategy is identical in the two cases. We discuss this further in Section 4.

2. Geometry and theoretical background

In order to design an anti-reflection coating for a PC, we must map the PC properties onto
those of thin-film stacks. Since we have done so in previous work [10, 11], here we give only
the essential results that make this analogy clear. We consider the generic geometry of Fig. 1(a)}
consisting of two semi-infinite hole-lype PCs, labeled by 1 and 3, each with a PC waveguide that
differs from one other. The PCs have lattice constant ¢, background refractive index rn = 3.4,
and normalized hole radius a/d = 0.23, with the electric field orthogonal to the axes of the
holes (4, polarization). The bulk PC has a bandgap for the frequencies 0.201 < d/A < 0.227.

The waveguide in PC 3 has a width of w3 = 0.9+/34d, so that for frequencies just above its
cut-off at /A = 0.211918 it supports a slow mode; at the frequency /A = 0.211987 that we
consider here, for instance, the group velocity is v, = 0.01 ¢. In contrast, in PC | the waveguide
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Fig. 1. (a) (1.t4 MB) Schematic of the geometry and field animation for the perfectly
matched structure: light from above in the fundamental mode of PC 1 (v, = 0.157 ¢} is
incident on the lower semi-infinite PC 3 (vy = 0.01 ¢). The transmission is perfect thanks
to the inclusion of an appropriately chosen PC 2 which acts as an anti-reflection coating.
(b) Associated band structure for PC 1 (red) and PC 3 (blue); both waveguides have single
mode operation for (.211918 < ¢/A < 0.214481 indicated by the horizontal dashed lines.

has a width w; = +/34 leading to vy = 0.157 ¢ at the same frequency. If these two wavegnides
were to be butt-coupled, the transmission would be approximately 41%. The band structures
for PC 1 and PC 3, shown in Fig. 1{b), are essentially similar, apart for the dispersion of wave-
guide modes. We model each row of cylinders as a supercell of period D. Note that when the
waveguides have different widths, we need to adjust the cylinder spacing so that each segment
has a common supercell period. To maintain the integrity of the bandgap we maintain the spac-
ing of the two cylinders adjacent to each side of the guide wall at d; = +/3d. The remaining
cylinders are then equaliy spaced to fit in to the remainder of the supercell, with a spacing of
which differs slightly from d, [5]. Though here the waveguides that we consider have different
widths, they could also differ in the size of the holes immediately surrounding the guide.

Within each uniform part of the structure, (i.e., within each section PC 1, PC 2, and PC 3) the
field propagates as a superposition of Bloch functions, each with Bloch factor ¢ = exp(ikd),
where & is the component of the Bloch vector in the propagation direction; £ is real for propagat-
ing states and is complex otherwise. The connection of the field between two uniform structures
is described by Fresnel reflection and transmission scattering matrices R;; and T;;, respectively,
for propagation in the direction from medium 7 to medium j, The pg element of these matrices
denotes the amplitude reflection or transmission coefficient from Bloch function g into Bloch
function p at the interface. While the elements of the scattering matrices can be computed using
a variety of approaches, here we use the finite element based transfer matrix method [12].

We showed earlier {11, 13] that, for structures consisting of three piecewise-uniform PCs
such as in Fig. 1(a), the reflection matrix can be expressed as

R=R;7+Ty A "Rz A" (I - RzIAZMR‘_?_}AQm)_I Tz, (1Y

where m is the number of layers in PC 2 and A = diag {g4;} is a diagonal matrix of Bloch
factors. As mentioned previously, the structure in Fig. 1(a) supports a single mode in each
propagation direction, while the remaining modes are evanescent. In particular, in PC 2, we
have [p| = 1, with alt other || < 1 {f = 2). For m sufficiently large, A” = u"uu’ where
u= {1,0:0,...]3“, thus effectively eliminating any evanescent coupling between the lower and
upper interfaces of PC 2 [11, [3]. In practice, this is an excellent approximation, with negligible
differences even for couplers of as few as m = 3 layers, and with the approximation improving
exponentially with increasing m. This allows us to truncate the full set of modes in Eq. (1) to
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just the single propagating modes, in turn allowing us to replace all matrices by scalars.

In this way, the PC problem is reduced to one that is equivalent to that of a thin-film stack.
There are, however, some subtleties in the argument that need to be worked through. We now
replace all matrices (written in uppercase bold typeface) in Eq. (1) by scalar elements (normal
type face): for Fresnel coefficients, for example, r13 = {R2) denotes the sole ((1 1} subscript)
propagating mode element, with equivalent forms for the other Fresnel coefficients; while for
the Bloch factors, we replace Ay by u™, in which g is shorthand for p;—the sole propagating
Bloch factor in PC 2. Thus, Eq. (1) reduces to

_ 2+ farsg
1— I’_7_1F23'f.12" ’

2ne
where  fiz =120 — i, (2)

which 1s identical to the standard Airy formula, with the exception of the factor f)2. This factor
J12 also appears in the corresponding derivation for thin films, but its value there is fj2 = 1.
While the assumption that f1; = 1 is valid also in 1D PC systems, this cannot be taken for
granted in more complex 2D and 3D PCs due to the multiplicity of modes (propagating and
evanescent) and the complex interrelationships between them, expressed by the elements of the
Fresnel matrices. For a general 2D system, it is straightforward to show [13] that for the full
(untruncated) Fresnel matrices, Ty T2y = I — R3,, the form of which leads one to suggest that
JS12 = 1. Even though this general matrix form is comparable with the scalar form (f2}, there
is no simple relationship between R 2 and Ry and so the scalar property does not follow from
the matrix property. Instead, we must begin with the S-matrix of the truncated system,

riz i
S_(flz r:u)’ )

which, for lossless structures, we know to be unitary [11], 1.e., $87 = §7§=1. Accordingly, its
determinant, detS = — f{», has unit magnitude and so we may write ;5 = ¢%2_ From the uni-
tarity of 8, we may derive the explicit relation, £1 /¢], = —r21 /¥y = g12, where |g12] = 1 since,
by reciprocity, £12 = 2). Some simple manipulation then reveals that f12 = g12 ([f12|? + |ri212} =
g2 (by energy conservation), from which it follows that ¢y = args|; = arg 2. This, in turn,
leads us to consider scaled Fresnel coefficients—#2 = rj2e7 12, 74, = ry e 7912, together with
identical forms for 7|5 and f;, thus leading to fiz = 7252 — Fi272) = 1. Under this scaling,
fiz = &) are real numbers, while the reflection coefficients are, in general complex, satisfying
Fa1 == —F]; — a generalization of the familiar relation ro) = —#)2 applicable in 1D systems.

We now consider the interpretation of the scaled forms, beginning with 72. It is easy to show
that this is the reflection coefficient »y translated by the phase ¢3/2 below the original phase
origin Oz at the PC 1-PC 2 interface. We are thus led to introduce new phase origin planes
at 4y3 and B2, respectively ¢i2/2 (in phase) above and below O); (see Fig. 2(a)). With these
definitions, (2 has its input and output origins at B2, while Fy; has input and output origins at
Aj>. The transmission coefficients differ in that their input and output phase origins occur on
different planes: 17 has input and output origins at B> and 4, respectively, while %, has the
corresponding origins of 4 and B);. The same applies at the PC 2-PC 3 interface, but with
phase shift g3, new phase origins 423 and B3, and scaled Fresnel coefficients 723, 357 etc.

With this, we may recast Eq. (2) in precisely the Airy form. For completeness, we present
expressions for both » and ¢

- ~ 3 v g
o it 112 T e I_!_F . r= ef(¢1z+¢13)/2LeW._ @
1 — Pz FazediV’ 1 —Fy Fpze™¥
with w = mkd -+ {2 + ¢23) /2, where the arguments of the Fresnel coefficients shift the reso-
nances in the usual way (c.f. Fig. 2(a)) and the leading term ¢"12 denotes the translation of the
input and output phase origin to Oy from B)».
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Fig. 2. (a) Illustration of the interpretation of ¢y; through the use of alternative phase ori-
gins. {b) Interface reflectances pa| and pa3 versus the width wq of the waveguide in PC2.

3. Design of the coupling region

As mentioned in Section 2, we operate at the frequency d/A = 0.211987, close to the cutofl of
the mode in PC 3, where vz = 0.01 ¢. At this frequency, v, = 0.157 ¢ in PC 1. To design an
appropriate PC 2, recall that a Fabry-Perot interferometer exhibits perfect transmission provided
two requirements are satisfied: (1) the reflectance of both mirrors must be the same, and (ii) the
phase upon a full round trip through the cavity must be a multiple of 277. We first consider Issue
(1), which requires us to choose PC 2 so that

P21 = pas, &)

where pi; = |ri jiz is an interface reflectance. The phases of the amplitude reflection coefficients
contribute to the length of PC 2, as discussed in Section 2. Now if wy = w, p2; =0, and pp3 # 0.
If wy decreases, then po) increases, while pa; decreases until pa3 = 0 when wa = ws. Therefore,
at some value wy < wz < w3, we expect Eq. (5) to be satisfied, as confirmed in Fig. 2(b): we
find that py) = py3 == 0.137 at wy = 0.90356 /34.

Having found the value for wy required for perfect coupling, we now consider Issue (ii), the
length m. In a balanced Fabry-Perot cavity the reflectance varies between p = 0 and p = |r]* =
4p12/(1 4 p12)? = 0.42 (where p = |r2), depending on the cavity’s length. The former (latter)
respectively occur at resonances (antiresonances). This is illustrated in Fig. 3(a), which shows
the structure’s reflectance versus coupler length m. The reflectance has the shape expected for
a Fabry-Perot-like structure. The reflectance is very low for m = §, 23, 38, ..., with the period
of 15 layers being consistent with kd = 2.93189 = 147/15in PC 2.

The reflectance of the complete structure with m = 8 layers is given in Fig. 3(b). At the design
wavelength, where v, = 0.01¢ in PC 3, the reflectance is as low as p =2 0.0023, a reduction of
more than a facior of 100 in comparison with that achievable by butt-coupling PC 1 and PC 3.
The field animation associated with Fig. 1(a) shows the almost reflectionless propagation of
the fundamental mode in PC 1, through the coupler, into the slow light waveguide. The residual
reflectance is associated with the fact that » can take only integer values. Of course this residual
reflectance can be eliminated if the design wavelength is allowed to vary slightly, but this would
require a slight adjustment of the width of the waveguide in PC 2 as well. Nonetheless, Fig. 3(h)
shows that for our parameters the minimum reflectance occurs closer to v = 0.0093 ¢ where
p = 0.0015. For our design. the bandwidth of the low-reflectance region is limited by the fact
that the mode in PC 3 is close to cutoft, so that its group velocity varies rapidly with frequency.
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Fig. 3. (a) Reflectance p of the entirc stracture versus m, the length of PC 2, for a wave-
guide width 0.90356+/3d. (b) Reflectance versus group velocity (bottom scale) in PC 3 and
normalized frequency {top scale) for wy = 0.90356+/34 and m = 8.

4, Discussion and Conclusion

We have seen that the design of the anti-reflection layer is very similar to that for a thin-film
stack. One interesting difference is that in thin-film design the layer thickness can be arbitrary,
but that the refractive index of the layer can take only the discrete values associated with the
available materials. In contrast, here the length is discretized by the need to have an integer
nmumber of periods in PC 2, while the equivalent of the refractive index can be chosen arbitrarily
since, for example, the waveguide width can be varied continuously. Tt is expected that the
discreteness of the available values for m becomes less important in more complicated, anti-
reflection structures, which, however, are also longer.

As mentioned in Section 1 the treatment here has been two-dimensional. Although the struc-
ture was designed so that each of the waveguides operate below the light line, whereby the
out-of-plane losses associated with propagation are eliminated, resonant reflection does lead to
such losses. Since the finesse of the device is not high, the out-of-plane losses are likely to be
medest, although this is the subject of a future study. The modest finesse also ensures that phase
variations of the transmission have negligible effect on the transmission of pulses. Another is-
sue that needs to be resolved is the accuracy with which the PCs need to be fabricated; though
theoretically the best results are obtained for wa = 0.90356+/3d, such accuracy probably cannot
be achieved in practice, and so the effect of fabrication tolerances also needs to be investigated.

One of the issues that needed to be addressed in the analysis was the nature of the relation-
ships between various Fresnel reflection and transmission coefficients. While one might expect
that the very strict relationships for the interfaces between uniform media no longer hold when
considering PCs, it is striking that the relationships generalize to depend only on single param-
eters, @2 and ¢n3, that are associated with the “extended” nature of the matching interfaces.

In conclusion, we have shown that the in-plane reflection losses between two PC waveguides
that support modes with widely different group velocities can be reduced to arbitrarily low
values, limited only by the fact that the length of the intermediate waveguide needs to be an
integer number of periods. Though this result is interesting and useful in its own right, more
generally it opens the way for more sophisticated “multilayer” designs, which can cover a wider
band of wavelengths, and the performance of which is less limited by the discreteness of the
available parameters. The design approach is very general and should be applicable to a variety
of PC coupling problems such as the coupling between a PC waveguide and free space.
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