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Sensitivity to termination morphology of light coupling in photonic-crystal waveguides
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We use a transfer-matrix method to investigate light coupling problem in single-end photonic-g@tal
waveguides. We find that the coupling efficiency is sensitive to the surface termination morphology of the
waveguide. A slightly tapering geometry can lead to an order of magnitude difference in the coupling efficiency
of an external extended wave into the waveguide. However, this tapering geometry does not necessarily lead to
enhanced coupling of a guided wave out of the PC waveguide. We have attributed this strong asymmetric
coupling characteristic to the significant difference in the scattering behavior of an extended wave and a
localized wave by the complex surface microstructure of a PC waveguide.
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In recent years photonic-cryst@C) waveguides have at- nitude difference in the coupling efficiency of an external
tracted extensive interest because they are one of the basiztended EM wave into the waveguide.
functional elements towards building an ultrasmall all- The system we consider is a two-dimensiof®D) pho-
optical or optic-electronic integrated circuit on the platform tonic crystal made up of a triangular lattice of dielectric cyl-
of photonic crystal$™** A PC waveguide is a linear defect inders embedded in an air background. Each cylinder has
introduced into an otherwise perfect photonic lattice, and ifadiusr =0.18& and refractive indexi=3.4, wherea is the
can support localized defect modes whose frequency is |dattice constant. This 2D crystal supports a large transverse-
cated within the photonic band g&PBG). Therefore, a PC magnetic(TM) mode (where the electric field is parallel to
waveguide can efficiently manipulate propagation of electrothe cylinder axi band gap, which lies between the angular
magnetic(EM) waves at subwavelength sizes, for instancefrequencieso=0.296(2rc/a) andw=0.482(2rc/a). Here
through a sharp bend. c is the speed of light in vacuum. A linear waveguide can be

Apart from extensive study on EM wave propaga’[ion created by removing one or several rows of cylinders from
through various functional elements, such as straighthe crystal. Figure 1 shows the configuration of such a wave-
waveguides, waveguide bends and branches, and cavitieglide by removing a single row of cylinders along thié
the problem of connecting a PC waveguide with conven<crystalline direction, which we caWl waveguide. Four dif-
tional fiber optics has raised more and more attention in théerent types of surface morphology are considered, represent-
past several years. Usually a single-mode PC waveguide h#’g four relative termination positions within the unit cell of
a small core size due to its high refractive index contrasthe waveguide. Each unit cell of the waveguide contains two
between the composite materials. As a comparison, the cofayers of cylinders, and each layer represents a typical sur-
ventional optical fiber has a far smaller index contrast beface morphology. In the structure shown in Figh)l(WG-2),
tween the core and cladding materials, and thus a far largdhe two cylinders that are in the outermost surface layer and
core size. Therefore, significant mismatch between the twdocated at the two sides of the waveguide axis have a dis-
waveguides occurs, leading to low coupling efficiency. Atance of\/3a, equal to the apparent core width of the wave-
usual way to efficiently improve the coupling efficiency is to

adopt an appropriate tapering structure at the connection dog * P "o o ® ° ° °
main, both for the conventional optical fiber andthe PC~ @  e® | ® @ ®
waveguide®*°-**For instance, one can replace the conven-® o ® .¢ P P P 'l *e’e
tional optic fiber by dielectric ridge or wire waveguides with @ ° ® e o ® ® ® ° | I ) °
a high index contrast and a small core size, or connect theg ° ° ° ° ° PY ° g
conventional o.ptic fiber .and PC wa_tveguides by an adiabati-(a) WG-1 (b) WG
cally tapered ridge or wire waveguide.

Since the coupling procegsither into or out of the PC
waveguide is essentially a scattering phenomenon, one® ¢ ® ¢ ¢ ® o ® "¢ 0°¢"
might imagine that modification of the termination surface ® _ @ ol o e ° ® e o o _o°
morpholo_gy of the _waveguide can induce strong change. ing =~ @ e o ® o ® ol e PY o PY
the coupling behavior, and after careful designs, the couplinc, ©® _ ® ~ ® _ ® e _ o " o o

- . . ® o o ® o ® ®
efficiency can reach an optimum value as large as possible W63 @ Wod

In fact, this phenomenon has been observed recently in pho-
tonic crystal and photonic-crystal waveguidés'® In this FIG. 1. Schematic geometric configuration of four single-end
paper we will show that the coupling is highly sensitive tow1 PC waveguides with different surface termination morpholo-
the termination surface morphology of a PC waveguide, andies. The waveguides are created in a 2D triangular lattice of di-
a slightly tapering configuration can lead to an order of magelectric cylinders in air by removing a single row of cylinders.
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FIG. 2. Calculated dispersion of the TM guided mode in\tfie
PC waveguide shown in Fig. 1. 1.5 1.5
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guide. In the structure shown in Fig(cl (WG-3), the dis- 0.5, 05 |
tance between the two adjacent cylinders in the outermos 00 00

layer is 2/3a. This structure can be deduced from the
former one by removing the outermost layer of cylinders
there. The structures in Figs(al (WG-1) and Xd) (WG-4)
can form by cutting one half of the cylinders in the outermost FIG. 3. Calculated normalized transmission coefficients of a
layer of WG-2 and WG-3, respectively. plane wave incident onto the four single-eWdl PC waveguides
The most significant difference between the two wave-shown in Fig. 1.
guide structure$WG-1 and WG-2 and the other two wave-
guide structuregWG-3 and WG-4 is the presence of a here. Obviously the group of waveguide8NG-3 and
slightly tapering geometric configuration in the latter group,WG-4) with a slightly tapering morphology exhibits a much
where the opening size of the waveguide in the outermodbetter coupling efficiency than the group of waveguides
layer is twice that in the second outermost layer. Either fromwithout any tapering terminatiofWG-1 and WG-2. In
physical intuition or from previous experiences, one mightsome frequency domains, the difference can be one order of
imagine that the tapering structure can help to couple amagnitude high. The coupling behavior for WG-3 and WG-4
external signal into the PC waveguide, and also help tas quite similar to each other. In contrast, WG-1 and WG-2
couple a guided wave out of the waveguide. To see whetheaxhibit very different coupling characteristics. The coupling
it is really the situation, we investigate quantitatively the efficiency for WG-1 first quickly rises to a maximum value,
coupling efficiency of EM waves into and out of these PCthen decreases to almost zerawat 0.42(27c/a), and then
waveguides. As a first step, we should have a clear knowlrises again, until it finally drops to zero at the cutoff fre-
edge of the guided mode dispersion. Figure 2 shows the catiuency. The coupling efficiency in WG-2 first monotonously
culation result for theV1 waveguide by means of a plane- rises to a peak value ai~0.44(2wc/a), then descends to
wave-based transfer-matrix metho@MM).2"=2° In the  zero at the waveguide cutoff. Besides difference in the quali-
calculation, a supercell with a sufficient si@nd sufficiently  tative behavior, the two waveguides also show significant
thick waveguide walls has been adopted. The waveguide quantitative difference in the coupling efficiency, where
supports a single band of guided modes, which spans frotWG-1 can have a maximum coupling efficiency two to three
w=0.349(2rc/a) at the wave vectork=0 to o times that of WG-2.
=0.473(2rc/a) atk=m/a. The lower band edge is in quite We also examine multimode PC waveguide8V3y
a distance away from the lower PBG edge of the backgroundvaveguides which are created by removing three rows of
photonic crystal, while the upper band edge is close to theylinders from the crystal along thieJ direction. Still, we
upper PBG edge. The waveguide cutoff phenomenon takesonsider four types of surface morphology, as shown in Figs.
place at both the lower and upper band edges. 4(a)—4(d), which exactly correspond to those shown in Figs.
We have used the same TMM technique to calculate thd(a)—1(d). We have employed the TMM to calculate the dis-
normalized transmission coefficient of an external collimatecpersion of the guided modes and the coupling efficiency of
plane wave(a good representation of an extended wame  an external plane wave into these waveguides. The results
cident on the waveguidé-ig. 3). This coefficient is defined are displayed in Figs. 5 and 6, respectively. The waveguides
as the ratio of the total-energy flux coupled into the wave-support three guided modes, with two modé&sl (andE3
guide and the total incident energy flux within a line whosemodes$ having an even mirror-reflection symmetry with re-
size is equal to the apparent width of the waveguig8g  spect to the waveguide axis, and one mo@& (modé hav-

0.36 0.39 0.42 0.45 0.48 0.36 0.39 0.42 0.45 0.48
Frequency (wa/2rc)

193103-2



BRIEF REPORTS

A hd 1.4 1.6
[ ] - ® ® - ® ® ® (a) (b)
o o o o i °° 121 NI AN 1'4_‘\
o [ ] [ ] ® [ ] [ 104 'Il' \f' 1.2 Ei '\i
o [ J [ J [ J Y Y ;
° ° e o o o 08} 107
e o e o ° ° 1§ " 081 s
! A .
(a) WG-1 (b) WG-2 0.6 WG-1 ;A 1 06 WG-2 A
A = LA
% 0.4 ES“ )L 0.4] “‘ lﬁ]
® @® [ [ J v w - - 2 024 | 0.2
e L] o ® & o2 J
o [ [ [ J [ J ® [ [ § 0.0 0.01
® L [ ) [ = ' ' ' '
e o e o e o e o - 030 035 040 045 050 O
[ ) L ® o 3
® [ [ [ ( [ J [ ] o Z 08 0.8
(c) WG-3 (d) WG-4 8 (c)
©
FIG. 4. Schematic geometric configuration of four single—end‘zg 061
W3 PC waveguides with different surface termination morpholo- ’
gies. o4l
ing an odd symmetry. As the incident plane wave is evenly 021
symmetric, onlyE1 and E3 modes can be excited. The '
coupling-in efficiency overall exhibits a complicated spec- 0.0/
trum for all waveguides from WG-1 to WG-4. But two sig- ’

nificant common features can be found. One is Ethtmode
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other is that WG-1 and WG-2 have a better coupling-in effi- FIG. 6. Calculated normalized modal transmission coefficients
ciency than WG-3 and WG-4. The first feature can be wellof a plane wave incident onto the four single-eMd3 PC

understood from the fact th&1 mode is the lowest guided waveguides shown in Fig. 4.

mode, so its field pattern is much flatter and is much better in
match with the field profile of the incident plane wave than
the higherO2 and E3 modes. The second feature can be
explained by noting that now WG-1 and WG-2 have a
slightly tapering geometry, while WG-3 and WG-4 do not
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have. This direct connection between the superior (@) /—'\ (0)
coupling-in efficiency and the presence of a tapering mor- 4| 0.8 w
phology once again demonstrates the importance of a tapel 1.0
ing termination geometry in a PC waveguide. 08 06
One might image that similar phenomena on the differ-
ence of the coupling efficiency due to the presence or ab- g4l 0.4
sence of a tapering geometry in the termination morphology
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FIG. 7. Calculated transmission coefficients of a guided wave
FIG. 5. Calculated dispersion of the TM guided modes in thecoupled out of the four single-end/1 PC waveguides shown in
W3 PC waveguide shown in Fig. 4. Fig. 1.
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where a guided wave is coupled out of the waveguide intasymmetric characteristic in these two inverse physical pro-
free space. To see this, we also employ the TMM to solveeesses. Whereas a tapering surface morphology can signifi-
this problem, and the calculated modal transmission spe@antly enhance coupling of an external extended wave into
trum is shown in Fig. 7 for the fouW1l waveguidesWG-1  the PC waveguide, it does not necessarily help to couple a
to WG-4) as displayed in Fig. 2. Since the incident wave islocalized guided wave out of the waveguide. This asymmetry
space limited, it is possible to define a true transmission comight source from the different scattering behaviors of an
efficient as the ratio of the total-energy flux dispersed into airextended wave and a localized wave by the same surface
to the total-energy flux of the incident guided wave. Thetermination geometry. This feature can offer some hints for
calculation result is quite surprising and beyond our expeceesigning high performance PC waveguide connectors.
tation. The coupling-out efficiency in WG-3 and WG-4 is  In summary, we have employed a plane-wave-based
even smaller than that in WG-1 and WG-2 within a wide TMM to investigate coupling of EM waves into and out of a
range of frequency, not to mention one order of magnitudd>C waveguide, and found that a slightly tapering geometry
enhancement as is expected from Fig. 3. This is especiallgan result in one order of magnitude enhancement of the
the case for WG-2, where the coupling-out efficiency iscoupling efficiency of an external extended wave into the
above 90% fromw=0.36(27c/a) to w=0.45(2mc/a), waveguide, but it does not necessarily help to couple a
10% larger than the coupling-out efficiency of WG-3 andguided wave out of the PC waveguide. This feature can help
WG-4 at the same frequency. Comparison between th& design appropriate termination geometry of a PC wave-
coupling-in and coupling-out spectra clearly indicates anguide to achieve optimal input and output functionality.
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