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We have simulated the effect of sidewall roughness in photonic crystal slabs sing a 2-D
approximation. The scattering off a sidewall irregularity is modelled as a radiating
dipole excited by the incident slab mode. We studied the effect of the vertical index
contrast in the slab layer to establish the impact of irregularities in high and low
vertical index contrast structures respectively. It turns out that losses due to roughness
are significantly larger for structures with a low refractive index contrast (like
GaAs/AlGaAs or InGaAsP/InP waveguides) compared to structures with a high vertical
index contrast (like Silicon-on-insulator or membranes).

Introduction

A promising application of photonic crystals is their use in planar waveguide structures.
In photonic crystal slabs, light is controlled in-plane by a 2-D photonic crystal, like a
lattice of etched holes, while in the vertical direction, light is guided through total
internal reflection by either a high or a low refractive index contrast [1,2]. Due to the
photonic crystal structure, the vertical confinement is not perfect, and light can leak
away into the cladding. These out-of-plane losses are closely related to the choice of the
layer structure. Even perfect photonic crystal slabs can have intrinsic losses when the
bloch modes are not fully confined [3]. In real structures, fabricated with lithography
and dry etching, these intrinsic losses are augmented with scattering at sidewall
irregularities. Again, the vertical layer structure plays a role.

Out-of-plane scattering losses

It has been shown that intrinsic scattering losses increase dramatically with higher
refractive index contrast between the slab core and cladding [4]. Therefore, one can
choose a low refractive index contrast, like the GaAs/AlGaAs system. Although this
structure is not lossless, losses can be kept within reason. Alternatively, layer structures
with a high refractive index contrast, like silicon-on-insulator or membranes, can
support lossless modes in a photonic crystal waveguide [5]. However, a breach in
periodicity might cause large scattering losses. It therefore depends on the application
which structure is optimal to reduce intrinsic losses [6].
Intrinsic losses only give a lower limit of the overall losses. In structures with etched
holes, sidewall roughness will cause additional scattering. We studied the general effect
of the vertical index contrast on these scattering losses by modelling sidewall
irregularities as radiating dipoles excited by the guided light. In our 2-D approximation,
air slots in a slab waveguide replace a photonic crystal slab (Figure 1). The simulations
were done for the TE polarisation (£-field parallel with layer interfaces) at a wavelength
of 1550nm. The total power lost due to roughness at the sidewall will be proportional to
the power loss of an irregularity averaged over any position y along the interface:

Ly, ~ [P(V)L(v)dy, (1)
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with P(y) the scattered power of the dipole at position y, and L(y) the fraction of that
power that is not recaptured by the waveguide. Because the dipole is excited by the
incident field, P(y) can be written as a function of the local field E(y):

E*(y)
P(y)=n(y). : )
2Z rad (y )
with n(y) describing the effect of the roughness geometry on the interface, and Z,,4(y)
the radiative impedance of the environment. E(y) is given by the guided slab mode.
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Figure 1: Out-of-plane scattering in a single air Figure 2: Waveguide core width d.,,. as a function
slot. The roughness is treated as a radiating of cladding index n.,, for a constant v-number.
dipole.

Simulations

We use 3 simulations to calculate the different factors in this model. First, we determine
E(y) and Z,.4(y) by simulating the response of a dipole current source on the interface.
Then we approximate n” by simulating the dipole from an irregularity on an interface
exicited by a plane wave. Finally, we calculate the local E-field from the slab mode.

For the different simulations we used CAMFR [7,8], a vectorial eigenmode expansion
tool with perfectly matched layer (PML) boundary conditions. Along the propagation
axis, the structure is divided into sections with a constant refractive index profile, in
which the electromagnetic field is expanded into the local eigenmodes. Radiation modes
are supported through PML absorbing boundary conditions. At the interface between
sections, mode matching is used to decompose the field into the eigenmodes of the new
section. This way, a scattering matrix describing the entire structure is obtained.

To compare slabs with different vertical index contrast, we used three-layer symmetric
slab waveguide with a v-number of 2.79 to guarantee the single-mode behaviour. The v-
number is related to the refractive index contrast and the thickness of the waveguide:

[.2 2
V= kO 'dcore' Neore = Pelad - (3)

To keep the v-number constant, the core thickness d.,. increases with the cladding
index n.,q, as illustrated in Figure 2. For compatibility with both GaAs/AlGaAs and
Silicon-based structures, the index of the core 7n.,..= 3.45 was chosen.

In the TE polarisation, a 2-D dipole radiates in all directions. Therefore, the slab core
will recapture a fraction of the power. In a photonic crystal the forward and backward
propagating light is coupled, so the recaptured light in both forward and backward
direction is considered not lost. The fraction of lost light L(y) can be expressed as

L(y)= Po(y)—Pfgg—T(J’)’ (4)




with R(y) and 7(y) the power in the forward and backward propagating guided mode,
and Py(y) the dipole power. We calculate this by putting a dipole current source with a
known current /; on the interface at position y. The power Py(y) emitted by this source
is

1y.E
P, (y)= 0 20 (J’) (5)

where Ey(y) is the electric field at the position of the source. As this is a 2-D simulation,
Py 1s measured in [W/m]. Likewise, the radiative impedance of the environment

Zmd (y) E(;(()y) > (6)

is expressed in [€2/m]. Figure 3 shows L(y) for different values of n.,,. If the dipole is
located near the slab core, a larger fraction of light is recovered. Also, a slab waveguide

with high vertical index contrast can recapture more light.
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Figure 3: Loss of a radiation dipole as a function Figure 4. Strength of a dipole excited by a plane
of position y. L(y) is the fraction that cannot be wave incident on an irregularity on a material-air
recaptured by the waveguide. interface, plotted as a function of the horizontal

index contrast Ag, for different irregularities.
We then calculate the excitation of the dipole 1* by the incident field. It is obvious that
the amount of scattering depends strongly on the type of irregularities and the horizontal
index contrast Ag, = nzmm —1 of the sidewall, with 7, the index of the material at
position y. We calculate n” by scattering a plane wave off an irregularity on a material-
air interface. We do this for different shapes of irregularities and Ag). Figure 4 shows 1’
as a function of Agj, for different irregularities. We find that n> behaves very closely like

n’=v.(Ae, ), (7
with y describing the influence of the shape and size of the irregularities. This

relationship with Agj, is also confirmed in literature for orthogonal incidence on an
interface [9].
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Results and Conclusion
With n? and Z..4«(») we now calculate the excitation P(y) of the dipole at position y:
E*(y)
P(y)=v.(a = 8
(y) Y ( gh(J’)) 27, (y) )

Note that Ag; is dependent on the position y, as the index contrast of the material-air
interface is higher in the slab core than in the slab cladding. Therefore, as the core index
Heore 18 fixed, a low vertical index contrast implies a high value of Ag;, for the cladding.



Figure 5 shows P(y) for a different n.,4, with E(y) based on the guided slab mode.
Overall, the dipole excitiation is much stronger for low vertical index contrasts because
the mode profile is much broader, and Agj, in the cladding is much larger.

We now combine the results to estimate the average losses due to roughness by filling
in all factors in equation (1). Figure 6 shows L,y as a function of n.,4. There is a strong
increase of losses for high values of n.4, i.e. low vertical index contrast. We therefore
conclude that high vertical index contrast (like SOI or semiconductor membranes)

performs better with respect to losses at irregularities than low out-of-plane contrast
(like GaAs/AlGaAs waveguides).
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Figure 5: Power of a dipole at position y excited Figure 6: Average power lost due to scattering at
by the slab waveguide mode incident on a single irregularities on the sidewall of a single air slot as
air slot. The discontinuities occur at the core- a function of the slab cladding index n ..
cladding interface.
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