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Abstract: The concept of the so-called light line is a useful tool to
distinguish between guided and non-guided modes in dielectric slab wave-
guides. Also for more complicated structures with 2D mode confinement,
the light lines can often be used to divide a dispersion diagram into a
region of a non-guided continuum of modes, a region of discrete guided
modes and a forbidden region, where no propagating modes can exist.
However, whether or not the light line is a concept of practical relevance
depends on the geometry of the structure. This fact is sometimes ignored.
For instance, in the literature on photonic crystal waveguides, it is often
argued that substrate-type photonic crystal waveguides with aweak vertical
confinement are inherently lossy, since the entire bandgap including the
line defect modes is typically located above the light line of the substrate.
The purpose of this article is to illustrate that this argument is inaccurate
and to provide guidelines on how an improved light line concept can be
constructed.
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1. Introduction

Line defect planar photonic crystal (PhC) waveguides have become popular in the context of
dow light applications. The general interest in slow light was boosted by the demonstration
of extreme slow-down factors in a Bose Einstein condensate [1] and by rapid advances made
in PhC fabrication technology, which led to the experimental verification of various photonic
bandgap effects, such as PhC mirrors[2, 3], the enhancement of nonlinear effects [4], high-Q
cavities [5, 6], and slow light in PhC waveguides [7, 8], to mention but a few. One of the main
challenges faced by PhC-based waveguide applications is the optical propagation loss, which
is particularly pronounced in slow-light operation [9, 10], and in the case of structures with a
weak refractive index contrast between the planar waveguide layers. Several arguments have
been put forward to explain the difference in loss between substrate-type (low index contrast)
and membrane-type (high index contrast) structures. One of them is based on the so-called
“light line” concept: membrane-type PhC waveguides can be easily designed to have line defect
modes below the light line of the cladding (e.g. air), whereas in the first Brillouin zone of
substrate-type structures the entire bandgap is typically situated above the light line of the
substrate. This observation is used to imply that there are no “truly” guided line defect modes
of the substrate-type PhC waveguide, whereas the membrane-type structure naturally exhibits
guided modes (theoretically loss-free). However, thereisaflaw in thisline of arguments, which
can be boiled down to the fact that the geometry for lateral confinement is not taken into account
when the light line concept is applied in atoo simplistic manner. It isthe purpose of this article
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to substantiate this statement and to replace the light line argument by a more accurate model
to predict the separatrix between high-loss and low-loss modes in a dispersion diagram. We
believe that, in the past, over-stressing the light line concept has caused many workers in the
field to reject substrate-type PhC waveguides in general for being a fundamentally ill-suited
workhorse. We intend to demonstrate that this might have been unjustified.

The article is organized as follows. First, a buried rectangular waveguide (BRWG) is inves-
tigated, which resembles a deeply etched planar PhC waveguide in terms of geometry of the
cross-section. No periodic dielectric modul ation is considered in this section (Sec. 2.1). Thedis-
persion diagram of the BRWG is analyzed in detail with respect to the separatrix that marks the
boundary between guided and non-guided modes. Then, the insights gained from the BRWG
are applied to PhC waveguide structures in Sec. 3.1. It is shown that there is some more de-
sign freedom for substrate-type PhC waveguides than expected up to date. Section3.2 gives
an outlook on how this new design freedom might be exploited to find a substrate-type PhC
waveguide design, which does not exhibit inherent radiation losses. Finally, a few conclusive
remarks are made in Sec. 4

2. Thebackground line concept

2.1. The buried rectangular waveguide

We consider the structure shown in Fig. 1(a) and refer to it as the buried rectangular waveguide.
All materials are non-absorbing and their refractive indices are indicated in the figure. The
simulated dispersion diagram of the waveguide is shown in Fig. 1(b), along with the dispersion
lines of homogeneous materials for each of the refractive indices present in the structure. We
show the fundamental modes of odd parity [11] with respect to the x-z mirror plane (Ex = Hy =
E, = 0in the symmetry plane), computed by Lumerical (bullets), acommercially available 2D
finite difference frequency domain (FDFD) eigenmode solver [12]. The simulation domain is
terminated by a perfectly matched layer (PML). For large propagation constants (ky — o), the
waveguide mode crosses the dispersion line of the substrate (n2) and converges (not shown here)
to the dispersion line of the core (n1). For small propagation constants, a cutoff is found near
an effective refractive index of 2.6. This observation requires explanation, since it contradicts
awidespread understanding of how the waveguiding mechanism works. Conventional wisdom
has it that the effective refractive index lies between the core index and the largest index of
the materials involved in the guiding action. Formally, this trandates into the statement that all
guided modes of alongitudinally invariant dielectric waveguide must satisfy the condition [13]

maxn(r) > ngr > max n(r), (1)
reRr2 reoRr?

where JR? is the “boundary at infinity” of the cross-section R? of the waveguide. The con-
dition is based on the definition of guided modes, i.e., on the prerequisite that al fields decay
exponentially and no oscillatory fields shall be supported at infinite distances from the core. For
our BRWG, Eq. (1) writesasny = 3.33 > ngt > Ny = 3.15, which isin clear disagreement with
those results of Fig. 1 which are located above the dispersion line of the substrate.

To analyze the discrepancy between our simulation and Eqg. (1), it has to be verified whether
the modes under question can qualify as guided modes. In the strict sense, the fields of aguided
mode decay exponentialy at infinite distances from the waveguide core. Numerically, this cri-
terion is hard to assess in a rigorous manner. The classification is generally done based on
the amount of energy in the PML surrounding the computational domain, using some arbi-
trary threshold. Figure 2 shows the propagation loss introduced to the BRWG of Fig. 1 by the
PML. Four different sizes of hpy are considered, while hyp is kept constant at 1 um. The four
curves correspond to hyee values of 2 um, 4 um, 6 um, and 8 um. The size of the simulation

#153125 - $15.00 USD Received 18 Aug 2011; revised 4 Nov 2011; accepted 4 Nov 2011; published 14 Nov 2011
(C) 2011 OSA 21 November 2011/ Vol. 19, No. 24 / OPTICS EXPRESS 24346



(a) 0.5um,__ airng=1

hop = 1um || | 2= 31 |
z M =225 IOISI::rcT)]re
|/ A N
; ny=225,

substrate n, = 3.15

(b)

x 1010
2 ' ' o,
n n
_ 4 3 I’l1
w
215 1
8 o e
S 1 o'.... ! |
o °® L
£ o z
o 0.5 1
&
X y
0 . . . :
0 0.5 1 15 2
x 107

wave vector component k, (m'1)

Fig. 1. (a) Schematic structure of a buried rectangular waveguide; (b) Dispersion diagram
o(ky). The solid lines are the dispersion lines of the materials present in the structure,
labeled with their respective refractive index. The waveguide modes (bullets) are computed
by Lumerical in a range between 0.9 and 3.0um (= cutoff). The inset shows the field
intensity |E|? distribution of amode with an effective refractive index of ngt = 3.0; thefield
intensity is scaled from blue (low) to red (high).

domain (16 x 16 um) and the mesh resolution (grid spacing between 40 nm, in the core, and
80 nm, far from the core) are the same for all curves. The PML loss near cutoff is substantial
for hpoe =2 um, but is drastically reduced for the larger values of hpe. The limit of numeri-
cal accuracy is reached around 10-10 dB/cm. It is interesting to note that if the position of the
PML is moved further away from the waveguide core, the change in PML loss is negligible.
For instance, with hpe =4 um and a frequency of 140 THz (nes = 2.8), the PML loss fluctuates
by + 0.0041% when we vary the position of the lower PML boundary in a range that spans
10 um (95 % confidence interval from aset of 32 data points). Thisindicates that the main con-
tribution to the PML lossis given by an oscillatory field rather than an exponentially decaying
one. In this respect, we cannot classify the modes as guided modes. Neverthel ess, the results of
Fig. 2 suggest that arbitrarily low PML losses can be obtained by increasing hy; to infinity. We
conclude that, for aBRWG with hpot — o0, guided modes exist with effective refractive indices
outside the range given in Eq. (1).

In order to understand why the condition of Eq. (1) is violated for the guided modes of the
BRWG with hpgt — o0, we have to go back to the prerequisites from which the condition follows.
As indicated above, Eq. (1) is based on the requirement that the dielectric “background” at
infinity must not support any oscillating solutions of Maxwell’s equations. For simplicity, we
will let hygp — oo, aswell. The background at infinity of this system is composed of the materials
of refractiveindicesn; (thin slab) and n3 (two half-spaces), i.e., itisessentially aslab waveguide
structure [14]. The oscillating modes of a slab waveguide are either guided modes or radiation
modes of the slab, and they can be computed analytically [15]. There is no oscillating mode
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Fig. 2. Simulated optical loss in the PML around the structure of Fig. 1(a) as a function
of modal effective refractive index. The four curves correspond to different values of hpg:
2um, 4um, 6 um, 8 um. Around aloss of 10~10 dB/cm, the limit of numerical accuracy
of the smulation is reached. In this range, some points with a negative result occur; they
are omitted from the plot.

of the dab with refractive index ngs = n,. Therefore, the dispersion line of the substrate (ny)
cannot be relevant in the determination of the BRWG cutoff. Instead, the relevant separatrix
in the dispersion diagram, which separates guided from non-guided modes, is the dispersion
curve of the fundamental mode of the background system (the n3/nz/ns slab waveguide). We
will refer to this separatrix as the “background line”. Propagating modes of the full BRWG
system, which are located below the background line are guided modes and theoretically loss-
free.

Asafurther validation of our background line concept, Fig. 3 shows the cutoff of the BRWG
of Fig. 1 together with the background line. Depending on the parity (w.r.t. the x-z symmetry
plane) in the core of the BRWG fundamental mode (bullets), the TE or TM modes of the
background slab waveguide have to be considered (solid lines). The ssimulation of the BRWG
isagain performed with the Lumerical mode solver, and the results of odd parity correspond to
those of Fig. 1(b). The background lines are calculated from analytical equations [15]. Cutoff
for both parities occurs as predicted. This confirmsthat the background line bears more practical
relevance than the condition of Eq. (1) (dotted vertical linein Fig. 3) if hyg islarge.

Here, the background line was motivated from first principles. However, there are afew cases
in the literature, where the concept was implicitly used. In the context of holey fibers, the band
diagram of a 2D PhC structure is projected onto the out-of-plane axis [16] and the gaps ap-
pearing in this way are exploited for low-loss light propagation [17]. Furthermore, the effective
index method, which is a popular analytical approximation to find the modes of integrated op-
tical waveguides (such as ridge waveguides), makes use of the background modes as one of
the steps in the simplification procedure for an analytical mode analysis. It isimportant to note
that, while the effective index method makes considerable errors in determining the dispersion
near cutoff of certain waveguides, the cutoff itself is aways predicted on the correct separatrix
in the dispersion diagram (but not at the correct location on the separatrix).

The background line cannot predict the cutoff frequency of a given waveguide structure; it
only represents the separatrix in the dispersion diagram on which the cutoff is to be expected.
Therefore, it seems legitimate to ask of what practical use it might be. The answer is simple:
it is useful, whenever we compute the dispersion diagram of a waveguide numerically with a
method that doesn’t easily allow us to distinguish between guided and non-guided modes. A
prominent example is a dispersion diagram of a photonic crystal (PhC) waveguide computed
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Fig. 3. lllustration of mode cutoff for the BRWG depicted in Fig. 1(a). The bullets are the
numerical mode solver results for the two parities. The solid lines represent the TE and
TM fundamental mode of the background slab waveguide, as indicated in the graph. The
dashed vertical line indicates the dispersion line of the substrate material.

with the plane wave expansion method.

2.2. The role of total internal reflection

It is awidespread misconception that the condition of Eq. (1) follows directly from the law of
total internal reflection when considering the interface of awaveguide corewith the surrounding
material of highest refractive index. In our case of the BRWG, thiswould mean that at the lower
interface between the core and the substrate material total internal reflection dictates the cutoff
behavior of the structure. However, this reasoning contains two errors at a time. Firstly, the
condition of total internal reflection cannot be represented smply as a line in a dispersion
diagram. Thisworksin a 1D system, where mode confinement occurs only in one direction, but
not for systemswith 2D mode confinement. Secondly, it iswrong to assume that the loss of total
internal reflection is responsible for mode cutoff in waveguides with a 2D mode confinement.
Thisis treated in detail by Marcuse [15] for the case of weakly guiding optical fibers with a
circular cross-section. Analytical solutions of the fiber are derived, for which it is shown that
loss of total internal reflection does not yet occur at the cutoff point.

3. Substrate-type photonic crystal waveguides

In the photonic crystal community, the condition of Eq. (1) is often referred to asthe“light line”
or “light cone” concept. For instance, the light cone helps to interpret numerically computed
band diagrams of 2D-periodic systems, which are not uniform in the third dimension. Two
examples of such a system are depicted schematically in Fig. 4. They are 2D-periodic arrays
of holes etched into a slab waveguide. To analyze the system of Fig. 4(a), the band diagram
is computed for 3D unit cells, and then it is overlaid with the light cone of the surrounding
homogeneous material in order to retain only the guided modes of the waveguiding structure
[18]. This is a reasonable approach for many waveguide structures, but the applicability of
the concept depends on the geometry of the background “at infinity”. As we saw in the pre-
ceding section, our background line constitutes amore general formulation of the same concept.
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Fig. 4. Planar PhC waveguides. () membrane-type; (b) substrate-type.

3.1. The background line of PhC waveguides

First, wewill briefly address the membrane-type PhC structures, surrounded by a homogeneous
low-index material. It can be a PhC slab waveguide asin Fig. 4(a), aline defect waveguide, or a
PhC microcavity device. For the simple PhC dlab, the background at infinity is composed of the
homogeneous material on top and below, since thereisno lateral confinement. If defect modes
are considered, then the lateral field decay is guaranteed by the PhC, as long as the device is
operated within the photonic bandgap. In this sense, the background line corresponds to the
light line for the membrane-type structures, which confirms the common practice of using this
line as a separatrix between guided (or localized in the case of a point defect) and non-guided
modes.

Now we turn to the case of a substrate-type PhC waveguide with large hyop and hye (as
defined in Fig. 1(a)), the background is formed (if hiop, hpot — o0) by an infinitely extended
2D line defect PhC waveguide. The set of background modes is a lot more complicated than
it was for the BRWG system studied above. To numerically determine the background line,
the modes of the line defect waveguide have to be smulated for all propagation directions. All
oscillating modes of the background system have to be included into a band diagram which is
projected onto the core axis of the full system. In Fig. 5 we consider a single line defect (W1)
PhC waveguide based on an InP/InGaAsP/InP layer structure, which resembles the BRWG of
Fig. 1(a) in terms of geometry of the cross-section. The lateral mode confinement is no longer
given by ahomogeneous material but by a PhC structure of triangular geometry and anr /a ratio
of 0.34. The simulations are performed by the plane wave expansion method (MPB package
[19]), using a supercell asindicated in the inset of Fig. 5. The shaded areain Fig. 5 comprises
all oscillating modes of the background (regardless of parity). The lower bound of the shaded
area marks the background line (dashed line). It qualitatively resembles the fundamental mode
of adielectric slab waveguide and clearly lies above the light line of the substrate (solid line).
All propagating modes of the full waveguide system (including the core), which are located
below the background line, are guided modes. Contrary to common belief, this also applies to
those modes, which are situated between the light line of the substrate and the background line.
For the task of designing a waveguide with guided modes, the position of the background line
has to be taken into account instead of the substrate light line.

We arelooking for guided modes which lie bel ow the background line and inside the photonic
bandgap. As a coarse reference, the TE bandgap of the underlying PhC is indicated in Fig.5
by two horizontal lines. Although the background line is still far below any potential bandgap
mode in the present example, two kinds of strategies can be pursued to design a waveguide
that exhibits guided modes within the bandgap. Firstly, the background line can be pushed
upward in the dispersion diagram. This can be realized by decreasing the waveguide width (cf.
Sec. 3.2). Secondly, the bandgap can be pushed downward by using a core material of higher
refractiveindex (if available) or by modifying the PhC geometry. In Sec. 3.2, one specific design
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Fig. 5. Simulation of the background line (dashed) of a W1 PhC waveguide. The shaded
areaindicates the radiation modes of the system (oscillating background modes). The light
line of the substrate (ngyp) is aso indicated (solid). The horizontal lines represent the up-
per and lower boundaries of the TE bandgap for light propagation in the x-y plane. The
supercell used for the computations is shown as an inset.

approach is briefly addressed. Performing a full structure optimization is beyond the scope of
this article. At this stage, it is worth emphasizing that the last word has not been said about
losses in substrate-type PhC waveguides. Two open questions remain:

1. Isit possible to design a theoretically loss-free substrate-type PhC waveguide based on
realistic materials? The above considerations show that it is not hopeless, but Fig. 5 also
shows that for our particular material system it will be very challenging.

2. How much loss do we have for agiven mode above the background line? The background
line marks the separatrix for guided modes. However, in atypical PhC waveguide, such
asthe one of Fig. 5, the main component of the Bloch mode islocated in the second Bril-
louin zone [20] and below the background line. Only the Bloch component of the first
Brillouin zone lies above the background line, and only that component will contribute
to the waveguide loss [21]. The quantitative connection between the strength of this com-
ponent and the theoretical propagation loss has not been established to our knowledge.

As long as these questions remain open, the final answer cannot be given as to whether or
not substrate-type PhC waveguides are viable candidates for a platform of photonic integrated
circuits.

3.2. Outlook: vertical current injection for substrate-type PhC devices

So far, we cannot demonstrate the “perfect” design for a substrate-type PhC waveguide. But
we can give an outlook of what could be further investigated within the framework of InP
and related materials. To illustrate the practical relevance of the background line concept for
PhC-based devices, we present the example of an electrically pumped PhC waveguide. The
proposed device geometry is depicted in Fig. 6(a). The figure shows a scanning electron mi-
croscopy (SEM) image of an InP/InGaAsP/InP layer structure with an additional InGaAs cap
layer on top. The quaternary layer could host one or several quantum wells providing for op-
tical gain (not the case here). The sample was etched in hydrochloric acid to remove the InP
claddings; only a narrow post remains on both sides of the guiding layer. The background of
this system can be thought of as a narrow vertical slab waveguide of InP surrounded by air.
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The computed dispersion curves of the fundamental TE modes of thisidealized background are
shown in Fig. 6(b) for various widths of the posts. For decreasing post width, the background
line approaches the light line of air, which gives alot of theoretical design freedom for the PhC
waveguide. A loss-free device istheoretically possible; and in terms of fabrication, the proof of
principleisgivenin Fig. 6(a). However, the narrower the posts are, the less efficient the vertical
current injection will be. Furthermore, due to fabrication imperfections (shape of the holes and
the contact posts, lattice disorder, etc.), the propagation losses in area device will aways be
finite. For an active device, atrade-off between optical and electrical performance will have to
be made, taking into account the available fabrication capabilities.

InGaAsP
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Fig. 6. (a) Prototype W1 PhC waveguide for electrically pumped active devices; (b) Dis-
persion curves of the fundamental TE modes of four symmetric dielectric slab waveguides
of different width d. The widths are indicated in units of dy 1 =458 nm, which corresponds
to the width of a W1 waveguide with a=435nm and r/a=0.34. The waveguides are com-
posed of InP and air and serve as an approximation of the background system of the wave-
guide shown in (a). The dashed lines are the light lines of air (upper line) and InP (lower
line).

4, Conclusion

A new view on the dispersion diagram of a buried rectangular waveguide was presented. The
separatrix between guided and non-guided modes was identified to be given by the fundamen-
tal modes of the slab waveguide that forms the background of the structure at infinite dis-
tances from the core. The new separatrix is termed “background line” and replaces the con-
ventional “light line”. The background line concept was applied to deeply etched substrate-
type PhC waveguides; and it was inferred that, contrary to conventional wisdom, there can be
guided modes above the light line of the substrate. This gives some new freedom for the de-
sign of theoretically loss-free substrate-type PhC devices. However, for waveguides based on a
InP/InGaAsP/InP layer structure, the design of loss-free propagation remains a challenge. For
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many other waveguide geometries, such as optical fiber or the membrane-type PhC, the back-
ground line falls on the light line and the new concept leads to the same conclusions as the
standard light line argument.
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