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Abstract—Photonic crystal slabs combine a slab waveguide with y
an in-plane photonic crystal. Light is then confined in-plane by >
the photonic crystal and out-of-plane by the slab waveguide. The d, Z

clad X

etched structures will cause light to scatter out of the waveguide ]
II>

plane. We studied the out-of-plane scattering losses using a two-di- 4 \W

core | P

mensional approximation of this three-dimensional structure, with N slots

etched slots instead of holes. Our simulation techniques include

mode expansion with perfectly matched layer absorbing boundary Notad

conditions. We show that the losses increase with higher index con- «— deore = 0.225um
trast, but that with very high-index contrasts light can be coupled P P =0.55um
into lossless Bloch modes. d,=0.28 um

Index Terms—integrated optics, optical materials, optical Fig. 1. Geometry of the simulated structure.
planar waveguides, optical propagation in nonhomogeneous
media, optical scattering.
with the square ofAe, whereAe = n2 . — n2, 4 With neore
andn.,q the refractive index of the slab waveguide’s core and
cladding, respectively [1], [6]. This requires infinitely deep
NE of the most promising applications of photonic crysholes, or at least holes deep enough for the waveguide mode not
O tals today is the use of two-dimensional (2-D) crystdp feel the bottom. Here, the best way is to keep the refractive
structures (e.g., air holes in a large index material) in combpdex contrast as low as possible.
nation with a layered waveguide to confine light in the third di- A different approach is to go for very high-index contrasts
mension [1], [2]. Light with wavelengths within the bandgapn the slab waveguide, up to semiconductor suspended in air. A
of the photonic crystal could be confined in a channel waveiore practical material could be silicon on insulator (SOI) with
guide in the lattice (e.g., a missing row) or other types of dén index contrast of about 3.5-1.45. With these high contrasts,
fects [3], or light with wavelengths outside the bandgap coufehe can create periodic structures with Bloch modes well below
propagate as a Bloch mode of the periodic structure [4], [5]. the light line. For these modes, this means that no coupling to
either case the light will feel the effect of the etched air holeB)e radiation continuum is possible [4], [5]. However, they are
where there is no refractive index contrast in the vertical direlpssless only in a perfect periodic lattice, whereas practical pho-
tion. These air holes can be a cause of radiation leakage fromt@Ric crystal applications are finite and/or have defects where
slab waveguide’s core to the cladding due to scattering of ligieut-of-plane scattering can occur.
Good understanding of these losses could allow us to treat 2-DA 2-D approximation of the full three-dimensional (3-D)
photonic crystal slabs as a 2-D problem, with out-of-plane sc&tructure was studied. Our simulation structure consists of a
tering losses modeled as complex materials. This could rediibeee-layer slab waveguide with air slots etched through the
the requirements for 2-D photonic crystal slab modeling [6]. structure, as illustrated in Fig. 1. We use this structure as an
To keep the out-of-plane scattering low, two seemingly cogpproximation of a channel waveguide in a 2-D periodic pho-
tradictory approaches have been suggested. The first approgetic crystal slab. This has the limitation that light cannot “flow
aims for a conventional heterostructure, like the commdound” the air holes as it would in the channel waveguide, and
GaAs—Al,Ga, ,As material system, with modest-to-lowthat therefore losses will be higher.
refractive index contrast between layers. Béngtpl. suggest ~ We will show here that by increasing the refractive index con-
that out-of-plane scattering losses in these structures incretigst between core and cladding of the waveguide structure, we
willindeed observe an increase of scattering losses as predicted

[1], [6], but that losses drop severely once a lossless Bloch mode
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Il. SIMULATION TECHNIQUES (a) Ae = 2éOZO (b) Ag =10.00
n =9.

clad

To calculate the characteristics of the optical structures under
consideration, we used our simulation tool CAMFR [7], a vec-
torial eigenmode expansion tool with perfectly matched layer
(PML) boundary conditions. The structure is divided into sec-
tions with a constant refractive index profile along the propaga-
tion axis, where the field is expanded into the eigenmodes of that
section. The continuum of radiation modes is approximated by
placing the structure between two perfectly conducting metal
walls coated with PML to eliminate the parasitic reflections.
At the interfaces between different waveguide sections, mode-
matching is used to decompose the field into the eigenmodes
of the new section, resulting in a scattering matrix for the en-
tire structure. With this technique, we can calculate reflection
and transmission of finite structures but also band structures for
infinite periodic structures with the use of Bloch boundary con-
ditions in the propagation direction. FDTD was used as a veri-
fication tool.

(c) Ac =10.92 (d)Ag =11.25
Ngaq=1.15 Ngea= 1.0

clad clad

(&) @

IIl. SIMULATED STRUCTURE

In our layer structure, we tried to approach semiconductor
heterostructures, using a three-layer slab waveguide with a
core thickness 00.225 ym and a refractive index.o.. Of
3.5. The slab waveguide is a single mode at a wavelength of
1.55 pm for all values ofn,q. We then vary the waveguide
cladding indexn.,q to study its behavior for different values
of Ae. Some of these correspond to real layer structures. A
maximumAe of 11.25 represents a silicon membrane in air. A
silicon core in an oxide cladding hag¥: of 10, while a typical Fig. 2. Band diagrams of the structure in Fig. 1 for different valued of
GaAs—Al,Ga;_, As heterostructure hasae of about 2.

/P /P

parameters such that for a wavelengtf 1.55 ;m the periodic
V. LOSSES IN ASINGLE AIR SLOT structure goes through four distinct regimes just by changing the

The scattering of a single air slot can be treated as the [ﬁ;-jractl\_/g index contrast between core and cladding. Of course,
ansition between these four regimes can also be brought

coherent limit where each hole radiates independently, ther ' ) )
ut by changing other structure parameters. Fig. 2 shows the

accumulating scattering losses in each hole or siot. This mo and structure of the infinite 2-D structure for these four regimes
was proposed by Bénisst al. [1], treating holes as indepen- ) ) .
prop y st al.[1] g P at different values ofAs. The shaded region bounded by the

dently radiating dipoles. iaht line indi h : f th diati des. |
Rigorous simulations of the losses of a single air slot co 9 t line indicates the c_ontmuum of the radiation modes. In
g. 2(a) (e = 2.0, typical for aGaAs—Al,Ga;_,As het-

firm that out-of-plane scattering increases with higher refractive . ; .
structure) we are obviously working outside of a bandgap

index contrast. For very low-index contrast the losses increas . .
with the square ofe, as predicted by Bénistst al. [6]. For and above the light line; therefore, we expect out-of-plane scat-

higher contrasts, this relationship breaks down and the los&ed"g losses to increase with increasing refractive index con-

level out. When one is working with low-to-medium index conl @St since thelight can eas_lly c_ouple tothe radl_atlve continuum.
se losses are plotted in Fig. 3 as a function Because

trast, one should keep the index contrast as low as possible,-lf £ K tside of the band the ch teristi f
a small increase in the cladding refractive index can yield a copi- en working outside ot the bandgap, the charactensucs ot a

siderable drop inlosses. This is not so for higher contrasts wh pite periodic structure are a nonmonotonous function of the

a change iMAe has little effect on the out-of-plane scatteringf.umt”:’r of penods', we took the average (.Jf f[he losses of the pe-
losses [8]. iodic structures with 30-50 periods to eliminate these fluctua-

tions.
For an index contrast of\s = 10.00 [Fig. 2(b)] the infi-
nite periodic structure has a region below the light line for high
As photonic crystals are periodic structures, treating each aalues ofk.. However, there is no guided mode present.
hole independently seems overly simplistic. It is shown that aForavalue ofAc = 10.92[Fig. 3(c)] the band diagram shows
2-D periodic structure can support lossless Bloch modes, whertattice mode below the light line at the operating wavelength.
the scattering of the holes interferes destructively [4]. For the infinite periodic structure, this mode would have no ra-
We studied a periodic structure as in Fig. 1, with a petbd diation losses. This can be considered true for the bulk of a finite
of 0.55 um and an air slot widtlkl,, of 0.28 xm. We chose these periodic structure. We see in Fig. 3 that losses drop sharply in

V. LOSSES INMULTIPLE AIR SLOTS
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VI. CONCLUSION

a cd
80% i Out-of-plane scattering limits the usefulness of 2-D photonic
! crystal slabs. It is therefore important to choose a good layer
60% ! Losses structure for keeping these losses low. We studied the out-of-
0 !
|

plane scattering losses of a one-dimensional periodic structure
with air slots. Four different regimes are observed for such a
structure. For low refractive index contrasts, losses increase with
increasing refractive index contrasts. For high contrasts, losses
are very high unless one can excite a Bloch mode below the
light line [5]. In a photonic bandgap, losses are low because
light does not penetrate the crystal. Of course, by altering the
photonic crystal’'s band structure using parameters other than
Aeg, one can excite a guided Bloch mode for lower refractive

. . . _ index contrasts.

Fig. 3. Reflection, transmission and out-of-plane scattering loss for the . . .
structure of Fig. 1 as a function of refractive index contrast Values are Summarized, two regimes are favorable to reduce undesired
averages over a structure with 30-50 periods to eliminate oscillations rela@dt-of-plane scattering, depending on the application. In a
to the finite number of periods. compact structure with many close-packed defects (cavities,
bends, etc.) a low refractive index contrast is preferable, as
in this regime defects scatter only a modest amount of light,
as does each crystal period. For large structures with little or
no defects, a lossless Bloch mode, only possible with high
refractive index contrasts, is the obvious option.

In this letter, we presented infinitely deep slots. In real-life
structures, the slot or hole depth is limited by etching capabili-
ties. In the low-contrast regime, one will therefore have to bal-
ance between keeping a low-index contrast (with a broad wave-
guide mode) and the depth of the air slots to avoid additional
scattering at the bottom of the air slots. In the high-index con-
trast regime, one can target a regime where the losses in the
bulk of the periodic structure can theoretically be reduced to
zero. However, applications using these structures will always
require defects that will introduce losses in the otherwise loss-
less structure.
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