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ABSTRACT
We present a systematic method for designing electromagnetic modes in dielectric—core photonic crystal optical
waveguides. We show that the guided modes of the photonic crystal waveguides are mainly confined to the guiding
region. The properties of these modes can be modified by changing the geometry of the air holes next to the guiding
region. We show how this concept can be used to design single-mode photonic crystal waveguides. We also describe
a method for changing the slope of the dispersion diagrams of these guided modes.
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1. INTRODUCTION
Photonic crystals1'2 have inspired a lot of interest recently due to their potential for controlling the propagation of
light. Photonic crystals with line defects can be used for guiding light. Waveguides using one—dimensional periodic
structures were proposed by Yeh et al.3 Guiding light through sharp bends has been recently proposed4 and
demonstrated at microwave5 and optical6'7 frequencies. Several aspects of the photonic crystal waveguides have
been investigated.815 In all the proposals and demonstrations of photonic bandgap (PBG) waveguides, the guiding
modes were restricted to the photonic bandgap of the infinite photonic crystal. Furthermore, the PBG waveguides
in the previous reports46 were made by removing one row of either air columns or dielectric rods that results in
multimode guiding. Single mode waveguides, however, are more desirable for practical applications. We recently
studied'6 a more general type of PBG waveguide which consists of a dielectric slab placed between two PBG mirrors.
Such a PBG waveguide can be made single mode by choosing the appropriate thickness for the dielectric slab.'6"7
However, the centers of the air holes above and below the middle slab are not located on the same lattice due to the
arbitrary slab thickness. This makes the design of waveguide bends complicated. The centers of the air holes in a
single-mode waveguide for practical applications (like all-optical circuits) must be on the same lattice.

One major advantage of photonic crystals is the possibility of designing electromagnetic modes. The ability
to modify the dispersion diagram of a guided mode in a photonic crystal waveguide is very useful for practical
applications. In this paper, we present an idea for designing electromagnetic modes in photonic crystal waveguides.
We show that the dispersion diagrams of the guided modes of a PBG waveguide can be considerably modified by
changing the geometry of the air holes adjacent to the middle slab. In section 2 we summarize the simulation method
we use in this paper. The guiding mechanisms in a PBG waveguide are discussed in Section 3. In Section 4 we discuss
the design of single-mode photonic crystal waveguides without breaking the periodicity of the centers of the air holes
in a two-dimensional photonic crystal. In section 5 we present an idea for modifying the slope of the dispersion
diagram of the guided modes of a PBG waveguide. Conclusions are made in Section 6.

Photonic Bandgap Materials and Devices, Ali Adibi, Axel Scherer, Shawn-Yu Lin, Editors,
Proceedings of SPIE Vol. 4655 (2002) © 2002 SPIE · 0277-786X/02/$15.00 73



2. SIMULATIONS
The main structure we use in the analysis of this paper is the photonic crystal waveguide made by adding a line defect
to a perfect two-dimensional photonic crystal. The photonic crystal we use throughout this paper is a two—dimensional
lattice of infinite air columns in gallium arsenide (GaAs) as shown in Figure 1. To analyze the guiding structures,
we use a computer code based on the two—dimensional finite difference time domain (2D—FDTD) method.'8 To
calculate the dispersion diagram of the guided modes of a PBG waveguide, we use an order—N spectral method19 in
the computational domain. The computational domain is made of one period of the guiding structure in the guiding
direction, and it is thick enough in the perpendicular to direction to assure the guided modes do not feel the artificial
boundary (for an example of a computational domain, see Figure 1 (a)) We use Bloch boundary conditions on the left
and right sides and perfectly matched layers (PML)2° on the top and bottom of the guiding structure (see Figure 1
(a)). The electric or magnetic field patterns of the guided modes of the PBG waveguide at different frequencies were
obtained through a similar procedure by exciting the structure with a constant frequency source. More details of our
numerical algorithms can be found in our previous publications.21'22 In the calculations of this paper, the speed of
light in vacuum (c) is normalized to 1, and all spatial dimensions are in the units of calculation cells.

3. GUIDING MECHANISMS IN A PBG WAVEGUIDE
Two important physical mechanisms for guiding light in PBG waveguides are total internal reflection (due to the
index contrast between middle slab and cladding) and Bragg reflection (due to the presence of photonic crystal). In
this section, we discuss the importance of each mechanism for a typical PBG waveguide.

Figure 1 (a) shows one unit cell of a PBG waveguide made by placing a dielectric slab of thickness d between
two PBG mirrors, each consisting of a two—dimensional square lattice of air columns in GaAs. The period of the
square lattice and the radius of each air column are a and r = O.45a, respectively. In the simulations of this section,
we choose a = 24 calculation cells. The waveguide shown in Figure 1 (a) is a single-mode waveguide in the photonic
bandgap as discussed previously.16 Since GaAs has a large index of refraction (fGaAs 13 at \ = 1.55 nm), total
internal reflection (TIR) at the boundary of the middle slab and the PBG cladding can result in the confinement
and guiding of optical energy in the middle slab. To investigate the strength of TIR, we can compare the dispersion
diagram of the guided mode of the PBG waveguide with that of a conventional dielectric slab waveguide shown in
Figure 1 (b). The permittivity and the thickness of the slab waveguide in Figure 1 (b) are the same as those of the
middle slab of the PBG waveguide (€GaAs and d, respectively). One difference between the PBG waveguide and the
slab waveguide shown in Figure 1 is the periodic corrugation in the PBG waveguide. Since the guided mode of the
PBG waveguide is mainly confined in the middle slab, an important role is played by the two rows of the air columns
that are adjacent to (one on each side of) the middle slab. Due to the periodicity of these air columns, the guided
mode is affected by distributed Bragg reflection (DBR) . To observe the effect of the DBR on the guided mode, we
compare the dispersion diagram of the guided mode of the PBG waveguide with that of the equivalent corrugated
waveguide shown in Figure 1 (c). The equivalent corrugated waveguide is made by reducing the thickness of each
PBG mirror in Figure 1 (a) to r. This results in a one—dimensional periodic waveguide with period a.

Figure 1 (d) shows the dispersion diagrams for the fundamental TE modes (electric field normal to the computation
plane) of the three waveguides shown in Figures 1 (a), (b), and (c). The dispersion diagram of the slab waveguide
mode in Figure 1 (b) is restricted to the first Brillouin zone of the slab waveguide with imposed artificial spatial
periodicity the same as that of the PBG waveguide. The photonic bandgap (PBG) of the two—dimensional photonic
crystal of Figure 1 (a) is also shown in Figure 1 (d). The similarity between the fundamental modes of the PBG and
the slab waveguides proves that total internal reflection plays a major role in PBG waveguides. The fundamental
modes of the two waveguides will be more similar23 if we replace air in the cladding of the slab waveguide in
Figure 1 (b) with a material with permittivity (fave) equal to the average permittivity of the PBG mirrors (Eave
[fair X itr + GaAs X (a2 — irr2]/a2). The difference between the fundamental modes of the PBG waveguide and the
slab waveguide is due to distributed Bragg reflection in the former. As Figure 1 (d) shows, the dispersion diagram
of the fundamental mode of the PBG waveguide is approximately the same as that of the fundamental mode of
the equivalent corrugated waveguide, which incorporates the effects of both TIR and DBR. This suggests that the
combination of TIR and DBR is responsible for the properties of the fundamental guided mode in the PBG waveguide.
Figure 1 (d) also suggests that the properties of the fundamental guided mode of the PBG waveguide are mainly
controlled by the two rows, one on each side, of the photonic crystal that are adjacent to the middle slab. Therefore,
we can replace a PBG waveguide by its equivalent corrugated waveguide to obtain the approximate behavior. Such
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Figure 1. Guiding mechanisms in a PBG waveguide: one period of (a) a PBG waveguide, (b) the corresponding
dielectric slab waveguide, and (c) the corresponding corrugated waveguide. The thickness of the middle slab in all
three waveguides is d = 9 calculation cells. The period and the radius of the air holes in the PBG waveguide are
a = 24 calculation cells and r = O.45a, respectively. The dielectric used in this paper is GaAs (€ = 12.96). (d)
Dispersion diagram of the fundamental TE (electric field normal to the computation plane) modes of the waveguides
in parts (a), (b), and (c).

a replacement is also useful in obtaining approximate analytic formulas for the properties of the fundamental guided
mode of a PBG waveguide, since the analysis of corrugated waveguides is straightforward.24

The main difference between the PBG waveguide and the corrugated waveguide is that the guiding frequencies in
the former is limited by the modes of the photonic crystal. Guiding in a PBG waveguide occurs only at frequencies
where there is no interaction between the waveguide mode and the extended modes of the photonic crystal cladding.
Such interactions can occur only outside the complete photonic bandgap (PBG) since the photonic crystal has no
modes inside the PBG. The actual frequency range over which the waveguide mode has no interaction with the
photonic crystal modes is usually larger than the complete PBG.'7 It is defined by the bandgap of the photonic
crystal in the guiding direction. Note that as long as the guided modes of the PBG waveguide are concerned, the
PBG waveguide can be replaced by the equivalent corrugated waveguide.

We showed here that the properties of the guided modes of the PBG waveguide are mainly controlled by the
two rows of the photonic crystal that are adjacent to the middle slab. In the next two sections of this paper, we
concentrate on the modification of the dispersion diagrams of the guided modes of a PBG waveguide by changing
the properties of these two rows.

4. DESIGN OF SINGLE-MODE PBG WAVEGUIDES WITH CONSERVED
PERIODICITY OF THE AIR HOLES

PBG waveguides with single-mode propagation in the photonic bandgap are essential parts of any photonic crystal
circuit. The PBG waveguide shown in Figure 1 (a) has only one guided mode in the photonic bandgap due to its
thin slab. The major disadvantage of this PBG waveguide is the imposed downward vertical shift of the centers of
the air holes above the middle slab. As a result, the centers of the air holes above the slab and those of the air
holes below the slab are not on the same two-dimensional lattice. In other words, the distance between the center
of an air hole above the slab and that of an air hole below the slab is not a multiple of period (a). This makes
the design of waveguide bends complicated, especially when multiple cascaded bends must be designed. This is why
the conventional PBG waveguides are made by removing one row of air holes. These conventional waveguides have
multiple guided modes (at least two modes)due to their thick slab. Figure 2 (a) shows one period of a conventional
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Figure 4. iNlagnetic filed (B)patterns of the odd TM iiiode of the PBG waveguide sliowii in Figure 2 (a) at
flOrmalize(l phase (Ka = 3ir/-1) with (a) i' = O.35a aIl(I wa/(2irc) = 0.311, (b) r' = O.4Oa aiid wa/(27rc) = 0.330,
(c) r' = 0.45a and Wa/(27iC) = 0:359. aiid (d) i' = 0.50o afl(1 wa/(2irc) = 0.416. In all four cae. r O.3Oa. The
I)110t011i( han(Iga) is 0.254 < wa/(2mc) < 0.321.

Figure 3. Dispersion diagrams for the (a) even and (b) odd TM modes, respectively, of the PBG waveguide in
Figure 2 (a) for different radii of the air holes adjacent to the middle slab (r'). The radius of all other air holes is
r = 0.3a.
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Figure 5. (a) Corrugated waveguides with similar corrugation and different periods (a). The shapes of all corruga-
tions are half-circles with radius r = 11 calculations cells. (b) Dispersion diagrams for the fundamental TE modes
of the corrugated waveguides shown in (a).

5. MODIFYING THE DISPERSION DIAGRAM OF THE GUIDED MODES IN A PBG
WAVEGUIDE

In Section 4, we moved the dispersion diagrams of the guided modes of a PBG waveguide to different frequencies by
changing the sizes of the air holes adjacent to the middle slab. In this section, we present a simple idea for changing
the slope of the dispersion diagram of the guided modes by changing the periodicity of the air holes adjacent to the
middle slab. For simplicity of the analysis, we use the equivalent corrugated waveguide for our simulations.

Figure 5 (a) shows several equivalent corrugated waveguides for a PBG waveguide as described in Section 3. The
radius of the air holes in all these waveguides is the same, but the period of these air holes in the guiding direction is
different for different waveguides. The dispersion diagrams of the corrugated waveguides with different periods are
shown in Figure 5 (b). Some change in the slope of the dispersion diagram by changing the period (a) can be seen
from Figure 5 (b). However, this change is overshadowed by the large frequency shift of the dispersion diagrams
caused by changing the period as well. This frequency shift is due to the larger effective slab thickness for larger
periods. Note that a corrugated waveguide with larger a is composed of larger dielectric regions compared to a
waveguide with smaller a. Therefore, by increasing a, we effectively increase the slab thickness and move the mode
dispersion diagrams to lower frequencies. To reduce this unwanted frequency shift, we can increase the radius of the
air holes of the structures with larger a to keep the effective thickness of the middle slab constant. The corrugated
waveguides made by this idea are shown in Figure 6 (a) . The dispersion diagrams for the fundamental guided mode
of these waveguides are shown in Figure 6 (b). Figure 6 (b) shows the reduction in the unwanted frequency shift by
modifying the properties of the air holes adjacent to the middle slab. It also shows the change in the slope of the
dispersion diagram of the fundamental guided mode caused by the appropriate modification of the size and period
of the holes adjacent to the middle slab.

The results shown in this section suggest that there is a clear potential for the complete design of electromagnetic
modes in a photonic crystal optical waveguide by modifying the geometry and periodicity of the air holes adjacent
to the middle slab. We regard this powerful ability as a unique property of photonic crystals for the design of novel
optical devices.

6. CONCLUSIONS
We presented here a systematic method for modifying the dispersion diagrams of the guided modes in a dielectric—
core PBG waveguide. We showed that the properties of these guided modes are controlled by total internal reflection
(TIR) and distributed Bragg reflection (DBR) from the periodic structure in the guiding direction. These guided
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Figure 6. (a) Corrugated waveguides with different corrugation and different periods. The radius of the circular
corrugations is increased in waveguides with larger period, a to keep the effective slab thickness constant. (b)
Dispersion diagrams for the fundamental TE modes of the corrugated waveguides shown in (a). The dispersion
diagram of the corrugated waveguide with a = 32 and r = 11 calculation cells (analyzed in Figure 5) is also shown
for comparison.

modes are mainly confined in the middle slab of the PBG waveguide. Therefore, their properties can be modified by
changing the geometry of only the air holes that are adjacent to the middle slab.

We also presented here a systematic way of designing dielectric—core photonic crystal waveguides with only one
mode in the photonic bandgap. We showed that by increasing the radii of the air holes that are adjacent to the
middle slab, we can push the higher order mode(s) out of the photonic bandgap. Our results suggest that more
control on the properties of the guided modes can be obtained by changing both the sizes and the period of the air
columns adjacent to the middle slab.

Finally, we showed that the properties of the confined modes of a PBG waveguide can be calculated with good
accuracy by replacing it with an effective corrugated waveguide that represents only the structure in the vicinity
of the middle slab. Replacing a PBG waveguide with its equivalent corrugated waveguide is an effective tool for
understanding and designing PBG waveguides. It reduces the computation time of the structures considerably.
It enables us to derive approximate analytic formulas for the important properties of the PBG waveguides. Such
formulas are usually the best starting points in optimizing the structures. Fine tuning of the optimization can then
be performed by full numerical simulation of the actual PBG waveguide.
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