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Waveguides and waveguide bends in two-dimensional photonic crystal slabs
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We present theoretical studies on waveguides and waveguide bends in two-dimensional photonic crystal
slabs. The waveguides are created by either filling up or decreasing the sizes of air holes. Our designs focus on
using the frequency range where the waveguide mode is nonleaky. It is shown that high transmission through
the sharp bend can be obtained for some frequency ranges in the triangular lattice slabs. The waveguides in
square lattice slabs are also investigated.

[. INTRODUCTION For the calculation of band diagrams of 2D PC slabs, one
period of the structure is mapped on the computational do-
Photonic crystal$PC) are optical materials with periodic main as shown in Fig.(&). The 2D PC slab is assumed to
changes in the dielectric constant, analogous to the crystélave periodicity in thexy plane. Therefore, the Bloch bound-
structure of a semiconductor, and band gaps can be creategy condition, which is defined by
for certain ranges of photon energfesVarious applications
are predicted and expected to be realized by photonic crys-
tals, including ultrasmall optical circuits or optical integrated

circuits (IC). Idealistically, such optical IC’s should be real- , o ) .
ized by using the three-dimension@D) systen?—° but an wherea is a primitive lattice vector anl is the wave vector,

alternative system using the dielectric slab with two-aré applied at the four lateral edges parallel toztlaex!s. For
dimensional(2D) photonic crystal, or the 2D PC slab, also the top and bottom edges perpendicular to thaxis, the
seems very attractive for its relatively easy fabricafidnt
uses the effect of 2D PC to confine the light in the in-plane
direction, and the refractive index contrast to confine the
light in the vertical direction. Although the slab’s guided
modes can possess fairly large gaps and wavedlidesso-
nant cavities are shown to be possibléhe existence of

E(r+at)=E(r,t)e'ka  H(r+at)=H(r,t)e*?

Mur’s absorbing
boundary condition

leaky modes puts some constrains on designing waveguides y
in 2D PC slabs. To deal with leaky modes, one has two X Bloch boundary
ways. One way is to examine the 1635 and design the 4 condition

waveguides that give loss small enough to complete the sig-
nal processing. The other way is to avoid using leaky modes
and use only nonleaky modes of the waveguides. In this (a)
work, we focus our designs on the latter, i.e., using nonleaky
modes of the 2D PC waveguides. The structures studied in
this work are(1) waveguides in the triangular lattice slabs for
TE-like modes and2) waveguides in the square lattice slabs
for TM-like modes.

In Sec. I, we describe computational methods used in this
work. We use the 3D finite-difference time-domakFDTD)
(Ref. 12 method with Bloch and Mur®$ boundary condi-
tions to calculate to band diagram of the PC. This method
has been widely used for the band calculation of 2D PC
slab!*1®The 3D FDTD with only Mur's boundary condition
is used in simulation of the propagation of the light inside
waveguides. In Sec. lll, we describe the design for the
waveguides in the triangular lattice slabs. The waveguides
can be formed by filling up air holes with dielectric materi-
als. Although this creates few waveguide modes, we use the
frequency range that contains only a fundamental mode. In
Sec. IV, the waveguides in the square lattice slabs are exam-
ined. Finally, the results are discussed and summarized in (o)
Secs. V and VI.

Mur’s absorbing
boundary
condition

y  Bloch boundary

condition

FIG. 1. Computational domains for the band calculations using
Il. COMPUTATIONAL METHODS the 3D FDTD method with Bloch and Mur’'s boundary condition.
(a) One periodic cell for band calculations of the PC sldbg.The
We start with calculations of the band diagrams of 2D PCsupercell for band calculations of the waveguides. The propagation
slabs and 2D PC slab waveguides by the 3D FDTD methodslirection of the waveguide is thedirection.
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Mur’'s second-order absorbing boundary conditions are ap-
plied to absorb the waves leaked from the slab. First, broad
Gaussian pulses are used to excite the electromadii
eigenmodes of the slab over a wide range of frequencies. The
EM fields at observation points are recorded for every time
step and then Fourier transformed to obtain frequency spec-
tra. The spectra will contain peaks at frequency values of the
eigenmodes corresponding to the wave vektgiven by the
Bloch boundary condition. Second, we use narrow Gaussian
pulses to excite every single eigenmode individually and to
obtain the field pattern of such modes. We also perform a r X I r
band calculation by the 2D plane-wave expansi®w) (a)
method and obtain field patterns for every eigenmode. The sy mode
effect of the finite thickness of the slab is approximated by fgg‘é‘.;fgf i)
using effective refractive index of the zeroth-order guided 0.4 ———————————
mode of the dielectric slab. Here, due to the fact that the field : / ]
patterns of eigenmodes of 2D PC and 2D PC slab are almost 3L P
identical, we can determine the correspondence of the eigen- _/.%:
frequencies and the band numbers exactly by comparing 7 g
field patterns obtained by FDTD with those obtained by PW. ZA0" ordernoneaky
For the calculation of the band diagram of 2D PC slab wavogulle Jode
waveguides, we use a supercell with a waveguide as shown . i(;ﬂf,b""d“
in Fig. 1(b). Infinite periods of the supercells are repeated P R S
spatially to form the waveguide in thedirection. ¢ Ov'vlave%ézctoroﬁz n%‘]' 0
Next, we use 3D FDTD with Mur's boundary conditions (b)
at all six edges to calculate the propagation of EM waves , , )
inside the waveguides and the waveguide bends. We also F'G:- 2. Band diagrams for TE-like modes @ the triangular
calculate the propagation of EM waves inside thelattlce slab andb) the waveguide in the triangular lattice slab. The

waveguides with bends in infinitely high 2D systems andlMck solid line shows the leaky mode region where every mode
. above this line is leaky for air cladding. The gray areas show the PC
compare the results with the 3D one.

slab modes that can propagate inside the PC slab. The thick broken
line shows the leaky mode region for Si€@adding. The thin bro-
IIl. WAVEGUIDE IN TRIANGULAR LATTICE SLAB ken lines show leaky yvaveguide modes and the thin solid lines
show nonleaky waveguide modes. The zeroth-order nonleaky wave-
In this section, we study waveguides in triangular latticeguide mode(for air cladding spans from frequency 0.27 to 0.28
slabs. Although the triangular lattice possesses a very large/al, where there is no other waveguide mode.
slab-mode gap for TE-like waves, the larger gap requires the

larger filling factor of air holes and this leads to making all cladding is utilized. In Fig. @), the zeroth-order nonleaky

modes at the gap frequencies leaky and the structure moWaveguide modefor air cladding spans from frequency
fragile. Therefore, we choose the filling factor of air holes 1052710 0 2gc/al, where there is no other waveguide mode
be ~0.3 or radii of air holes to be 0.29 wherea is the It is this frequency range where we practically achieve a

lattice constant. The thickness of slab is chosen to ba.0.6 . .
The refractive index of the dielectric slab is assumed to bgonleaky, single waveguide mode. We note that at the fre-

3.4 corresponding to silicon at 1.5@m throughout the pa- quency range from 0.28 to 0.28/al, there is a higher order

per. Air claddings are assumed at both sides of the slab t[EOde that _iS nonleaky but there al_so exists a leaky m(_)de at
obtain strong confinement of the light inside the slab. We us&'€ Same time so that the waveguide modes are not single.
the method described in Sec. Il to calculate the band diagram NE€Xt step, we examine the properties of the waveguide
of the PC slab for the TE-like mode. The result is shown inWith bends. A waveguide with two 60° bends like those
Fig. 2(a). The thick solid line shows the leaky mode region Shown in Fig. 8a) is assumed for calculation. The distance
where every mode above this line is leaky. It is seen in Fighetween two bends is 16 layers. We simulate the propagation
2(a) that a gap exists from frequency 0.256 to 0.32(].  of light inside this waveguide by 3D FDTD. The Gaussian
Next, we create a waveguide by filling a row of air holes inpulse is sent down the waveguide to calculate the transmis-
the I'-J direction. The band diagram of the waveguide ission and reflection spectf@Figure 3b) shows the transmis-
calculated and the result is shown in FigbR In Fig. 2b) sion and reflection spectra of the waveguide. It is seen that
the gray areas show the PC slab modes that can propagdi@h transmissions of more than 90% can be obtained for a
inside the PC slab. The thick solid line shows the leaky modérequency range from 0.2703 to 0.27Pdal. We can ob-
region where every mode above this line is leaky as the samserve the field pattern of the waveguide mode by using CW
as in Fig. Za). The thin broken lines show leaky waveguide excitation. Shown in Fig. @) are amplitudes oz compo-
modes, and finally the thin solid lines show nonleaky wave-nents(perpendicular to the surface of the papefrthe mag-
guide modes. It is important that we use air claddings fometic fields in the vicinity of the bend for the case where
both sides of the slab or the area of the leaky mode wilfrequency is 0.271%c/a]. The dark and the bright spots cor-
become larger as shown by a thick broken line, where, SiOrespond to the negative and positive values of the amplitude
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FIG. 4. Transmission and reflection spectra@fthe infinitely
high 2D PC waveguide with the same configuration as Fig), 3
and (b) the waveguide with only one 60° bend.

can be very useful in reducing computational resources and
times. We note that a little change in an effective refractive
index assumed will only shift the frequencies of the wave-
guide modes but the properties of the transmission and re-
flection spectra will remain the same as properties. In Fig.
4(b) we show transmission and reflection spectra of the
waveguide with only one 60° bend calculated by using 2D
FDTD with effective index. The transmittance is approxi-
: mately 1 at lower frequencies and begins to decrease at
nemive higher frequencies. It is worth noting that, by comparing Fig.
(©) 4(b) with Figs. 3b) and 4a), we can see that peaks at fre-

. ) ) guency near 0.27%c/a] originate from the resonance be-
FIG. 3. (a) Schematic of the 2D PC slab waveguide with two tween two bends.

60° bends(b) Transmission and reflection spectra of the waveguide
with bends calculated by using 3D FDTIx) Z components of
magnetic fields in the vicinity of the bend for frequency 0.2715 IV. WAVEGUIDE IN SQUARE LATTICE SLAB

[c/al. In this section, we study waveguides for TM-like mode in

as indicated at the bottom of the figure. As discussed in Se¢he square lattice slab. For a 2D PC with a square lattice, a
Il, the PC slab modes possess very similar field distributionsarge TM mode band gap can be created with dielectric rods
to those of the modes of the infinitely high 2D PC, therefore,in air background. Using air rods in dielectric backgrounds
it is expected that the characteristics of the waveguides crealso provide a large TM mode band gap but this again re-
ated in the PC slab and the 2D PC may resemble each otheguires a large filling factor of air rods which is unfavorable
For comparison, we create the waveguides with the samas discussed in Sec. Il. Also we have seen in Sec. Il that
configuration as in Fig. (8) except it is infinitely high and although we can choose a filling factor that creates a large
use 2D FDTD to calculate the transmission and reflectiorgap, the existence of higher order waveguide modes limits
spectra. The refractive index of 2.76 is used in the 2D calthe range of frequencies that contains only a single wave-
culation, as it is an effective refractive index for the zeroth-guide mode. Therefore, we choose the filling factor of air
order TE wave confined in the dielectric slab. Figuf@4 holes to be~0.6 or radii of air holes to be 0.4a7and the
shows transmission and reflection spectra of the 2D case. thickness of the slab to be 250 provide a TM-like mode

is seen that both results of 3D and 2D cases are similar, e.ggap of 5-7% in width. It is found that thinner slabs provide
the transmittance drops largely near the frequency 0.278smaller gaps and the thickness less tham Hifes not create
0.28[c/a). This means that 2D calculations using an effectivea gap. This difference of our slab thickness for TE-like and
index give good approximations of the 3D calculations andTM-like mode agrees well with the previous analysis on the
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FIG. 5. Band diagram for the TM-like mode ¢ the square

lattice slab andb) the waveguide in the square lattice slab. The oot
zeroth-order nonleaky mode spans from frequency 0.248 to 0.254 m‘g\’.
[c/al. 038 -
E L |
706 .
PC slab mode, though for TM-like mode, dielectric rods E .
were assumed in Ref. 7 where we assume air rods. Figure a0.4- .
5(a) shows a band diagram of the square lattice slab. There is & 2'_ ]
a gap from 0.244 to 0.25%/a]. Next, to create a waveguide, il —
one can fill up a row of air holes but the frequencies of the 0 - A
waveguide mode created will lie low outside the band gap 0.275 FREQIS)EZI\?CY[c/a] 0.285

which means it will leak outside to the PC area. The fold ©)

back of this waveguide mode that lies inside the gap also lies

inside the leaky mode region. Therefore, we create a wave- FIG. 6. (a) Band diagram for the TM mode of the infinitely high

guide by changing radii of a row of air holes to be (@38 square lattice. The zeroth-order mode spans from frequency 0.275

This gives a band diagram as shown in Figh)5We can see to 0.285[c/al. (b) Schematic of the 90° bend in the square lattice.

in Fig. 5(b) that there is a second-order mode and a fold backe) Transmission and reflection spectra of the bend computed by 2D

of zeroth-order mode. It is this zeroth-order mode that we ar&DTD.

looking for near wave vectok=0.52w/a]. At smallerk

neark=0.392x/a], the zeroth-order mode begins to mix straight waveguides without loss. We then calculate the

up with the second-order mode and becomes more compliransmission and reflection spectra of the waveguide bend.

cated. After all, the frequency range where there exists onlyrhe configuration of the bend is shown in Figbgand the

a zeroth-order mode and no other mode is from 0.248 tspectra are shown in Fig(@. It is seen that almost all waves

0.254[c/al. are reflected from the bend. This result will be discussed in
We tried to calculate the transmission spectrum of thghe next section.

waveguide with 90° bend by using 3D calculation but the

gap is so small that it needs a far larger computational do-

main than that in Sec. lll. Nevertheless, we can examine the

properties of this waveguide bends through the infinitely We have investigated the waveguides in 2D PC slabs in

high 2D PC as discussed in Sec. Ill. Figur@)6éshows a both triangular lattices and square lattices. They are created

band diagram of 2D PC assumed in the calculation. Théy either filling up or decreasing the sizes of air holes, i.e.,

filling factor is the same as the above and refractive indexdielectric materials are added into the PC to create the wave-

assumed is 2.82. There is a zeroth-order mode spanning froguide modes. We shall refer to this as “dielectric

frequency 0.275-0.28%/al. First, we confirm by 2D FDTD  waveguides.” This is in contrast with PC waveguides previ-

calculation that the EM waves can propagate along theusly reported where dielectric materials are removed, i.e.,

V. DISCUSSIONS
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some dielectric materials are replaced by’aitThis shall be  side the high transmission for TM waves in 2D PC'’s using
referred to as “air waveguides.” Removing a small amountair waveguides! we have calculated the transmission for TE
of dielectric material will lift up one dielectric ban@the  waves in the square lattice 2D PC’s using air waveguides
band lower than the band gamto the frequency range of and found the similar characteristic while we could not find
the band gap and create a waveguide mode confined in thiein the cases of dielectric waveguides examined in this
air. Adding a small amount of dielectric material will pull paper.
down few air bandsthe band higher than the band gamd Finally, we suggest that uninvestigated designs for the 2D
create few waveguide modes confined in the dielectric. SomBC slab waveguides using air-confined waveguide modes
of these waveguide modes are the higher-order modes, amthould also be investigated. These modes can be achieved by
some are actually the fold backs of the lower-order modes. Ieither enlarging the size of air holes or replacing some parts
this study, we have focused on using nonleaky parts of thef dielectric with low-index material. Although it may seem
fold backs of the zeroth-order waveguide modes created. Thiat waveguide modes of this kind should be very leaky in
calculations show that high transmission90%) through the 2D PC slab, we expect that by choosing appropriate pa-
the sharp bend can be obtained for some frequency rangesiiameters they can be nonleaky for ranges of frequencies not
the triangular lattice slabs for TE-like waves. But for TM- smaller than those of the dielectric modes discussed in this
like waves in square lattice slabs, almost all frequencies arpaper.
reflected from the bend.
The characteristics of the waveguide bends in both lattices VI. SUMMARIES

considered here are seen different from those in infinitely . .

In this paper, we have presented the designs for

high 2D PC's(Ref. 17 and 3D PC's(Ref. § where high /o0 ides in 2D PC slabs for both TE-like and TM-like

transmission can be obtained over a wide range of frequen- L . . .
odes in triangular lattices and square lattices, respectively.

cies. The fundamental difference in their structures an he waveauides are created by either fillina up or decreasin
modes of the waveguides may provide an explanation fo 9 y gup g

this. In Ref. 17, Mekiset al. modeled the transmission of he sizes of air holes. We have focused on using nonleaky
waves through the bends in the square lattice 2D PC as %arts of thg folg backz of rt\hehzeroth—qrdgr wa;/egl#de rr;}odes
scattering process in which the mode propagating along th reatﬁd. Itb's Sd ownbt atbt'g tdra}nsmlss(m?QO %) throug .
(01) direction is scattered into the transient mode propagatfhg ?ri:rr]pulz? Ia(;tai‘ge slz(;bsa;gre TEO- Tiign\j\,z\,rffugﬂﬂgfr%?we_s n
ing along the(11) direction, then into the mode propagating like wavgs in square lattice slabs, almost all l;re uencies are
along the(10) direction. For the case of air waveguides, there flected from t?le bend ' a

is only one transient mode at the bend. But for the case of '

dielectric waveguides, t_here is more than one transient mode ACKNOWLEDGMENT
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