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Visible photonic band gap engineering in silicon nitride waveguides
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We demonstrate experimentally the tuning of complete photonic band gaps in patterned silicon
nitride waveguides. Transmission measurements were performed using an ultrabroadband
high-brightness white light laser continuum, extracting extinction ratios as low &sifiGhe gap
regions. Angle-resolved measurements show the perfect alignment of the gap around the
direction. © 2000 American Institute of PhysidsS0003-695000)02008-§

The spatial modulation of the index of refraction in pho- be very sensitive to the geometry, since they are formed by
tonic crystals(PC9%2 has proved to be an effective way to different veins and necks in the lattie.
modify the photon density of states. This photonic band gap Transmission measurements were performed on two
engineering has numerous and interesting possibilities in opsuitably designed sets of PC waveguides. The waveguide
toelectronics. The control of the spontaneous emission, thkayers consisted of a low pressure chemical vapor deposition
enhancement of extraction of radiatidrand the spatial con-  Si;N, slab (1=2.02, 250 nm sandwiched between two lay-
trol of the flow of lighf are some the main applications of ers of silicon dioxide SiQ (75 nm cladding, 1.8xm buffer,
PCs. n=1.46) ? A triangular lattice of air rods was etched 410 nm

Among two-dimensional (2D) PCs, silicon-based down to the buffer layer in order to create a periodic slab of
waveguides have several attractive features in realizing pha®C embedded in a symmetric backgroGrifiThe triangular
tonic band gapgPBGS. First, Si-based technology is al- lattice consisted of many rows of air columns with pitches of
ready highly exploited in circuit integration. The etching of either A=260 nm or 300 nm and the same pore radius
air rod patterns is a well-controlled and standard technique=75 nm(to avoid changes in etch profjleThis choice of the
Photonic band gaps in these structures arise from the indexir-filling fraction f =0.23 and 0.30 optimized for deep gaps
of refraction contrast between air and Si-based materials angl the near infrared and visible ranges. Smaller holes did not
can be tuned by modifying the geometry of the air rods.produce appreciable PBGs and larger ones resulted in more
Second, the waveguide geometry helps to confine light in thextreme scattering of light out of the waveguide as well as
high index core region. Finally, although 2D PCs cannotbeing mechanically more fragile.
support a full band gai.e., a photonic band gap in all The laser source used in the measurements was an opti-
directiong, the guided modes in the core slab possess gapsal parametric amplifiefCoherent OPA940Qumped by the
which can be significantly engineerBdRecently, 2D GaAs- output of a regenerative amplifié€€oherent RegA900Mmf a
based PC waveguides have been investigatede to the  Ti:S (Coherent Mira900F The ultrabroadband white light
inclusion of quantum dots actively emitting at fixed wave- continuum(WLC) output(450-1100 nm of the optical para-
length, many samples were needed to explore the photonigetric amplifier(OPA) was used as well as the signal and
band gaps. Moreover, due to the optical pumping geometnyjidier beams tunable from 440 nm to 2/m. In order to
only TE modes could be excited. improve the achromatic far field collimation, the WLC was

In this letter we report an ultrabroadband optical characfocused in a photonic crystal fibéPCP.!* The perforated
terization of 2D silicon nitride (SN,;) PCs having a trian- microstructure of such a fiber results in excellent transmis-
gular lattice of air rods etched through a waveguide coresjon of the whole WLC spectrurtwith a coupling efficiency
Despite their low index contrast, PBGs with high attenuation~40%). The use of the PCF provided excellent beam point-
are obtained in both TE and TM polarization, even thoughing stability and efficient spectral broadening when the sig-
TM gaps are not predicted by simple theories. Simple modinal and idler pulses were coupled in. The transmittance was
fication of the structural parametefgore diameter and lat- obtained by simultaneously recording the input beam spec-
tice pitch allow the overlap of frequency ranges where bothtrum and the transmitted signal with a 0.55 m monochro-
TE and TM guided modes have a band gap, thus creating mator and a charge coupled devi€CD).
complete PBG. The strength of TE and TM PBGs is seento  The transmission spectra of two representative samples,
A (A=300 nm, 32 rowsand B (A=260 nm, 40 rowy are

dauthor to whom correspondence should be addressed; electronic maif$hown in Fig_s. ) and_:(b),_ reSpeCtive!Y- The tran_smiSSi_on
mcnetti@soton.ac.uk is measured in thE-J direction of the triangular lattice Bril-
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FIG. 1. (a) Transmission spectra of T&olid line) and TM (dashed ling FIG. 2. Two-dimensional dispersion relations fay TE and(b) TM polar-
modes of samplega) A (A=300 nm pitch and air filling fractionf izations. Angular-resolved transmission for internal angles in the rargfe
=23%) and(b) B (A=260 nm pitch,f =30%). Inset: transmission of a around thel'-J direction for(c) TE and(d) TM, for sample A. In(a), (c),
blank SgN, planar waveguide. and(d) the shaded area shows the photonic gap. The dashed line is a guide
to the eye.

louin zone. Sample A shows sharp gaps in the near infrared
for both polarizations which overlap50%. The TE gap is to sample A, the extinction ratio for the TM mode is nearly
centered ah,=2825 nm and is 90 nm wide with an extinc- two order of magnitude larger (310 #, 68 dB), and only
tion ratio of about 6< 103 (42 dB). The normalized width slightly less for the TE mode (410 3, 58 dB). This inver-
of this gap AN\/\g) is 0.11. The TM gap is shallower and sion of attenuation for TE and TM modes produced by re-
shifted to shorter wavelength, centered\gt=783 nm with  ducing the pitch can be attributed to the changing geometry
AN/No=0.06 and an extinction ratio of 610 2 (24 dB). of the high-index neckshat generate TM band gaps. Reduc-
The decrease of transmittance below 550 nm is due to lossésg the pitch reduces the size of the vertid@8 nm less
at shorter wavelength evident in the unpatterned planathan the size of the connecting vei(®0 nm).
waveguide(shown in the inset The broadband WLC also The TE band gap of sample B is characterized by the
reveals the strong scattering of light both in and out of planepresence of several shallow statéise axis is logarithmic
Wavelength-dependent beam steering occurs in the plane @hese are unlikely to be localized states in the gap due to
the core, while a grating-like diffraction occurs out of plane.their systematic presence in samples with a very different
The out-of-guide scattering patterns are different for TE anchumber of air column row¥? We also checked that they are
TM modes and stronger for the TE mode accounting for thenot due to polarization mixing inside the PC. Shallow states
reduced TE transmission. The development of techniques tcan arise from the dispersion of the guided mode in different
measure broadband waveguide transmission provides cleaymmetry directions. The PC band structures were calculated
data to feed back to both our fabrication strategies and theaising both 2D and three-dimension&@D) plane wave
oretical models. analysi$® showing identical resultThe dispersion relations
By decreasing the air column spacing from 300 to 260for 2D calculation are reported in Figs(a2 and 2Zb) for TE
nm, several features change in the transmission for both p@and TM modes. A full band gap is expected only for TE
larizations. The main difference is the shift of the PBG tomodes in the normalized energy rangyéx =0.32—0.38. In
visible wavelengths as shown in Figbl As expected from Figs. 2c) and 2d) the angle resolved transmission for
calculations, an increase ofA results in a shift of the PBG sample A is shown for both TE and TM polarizations, plot-
towards shorter wavelength. The strong overlap of the banted versus\/\ for convenient comparison. The experimental
gaps and the greater attenuation of transmission for both TEurves were acquired at regular steps in the rangg®
and TM modes are significant. The PBGs are centered at 58&ound thel'-J direction (the angle between thE-X and
nm with a normalized width of 0.33 and 0.19 for TE and TM I"-J directions is 30°). The TE polarization shows a photo-
modes, respectively. As for sample A, the transmission sufnic gap in good agreement with the theoretical calculation.
fers from scattering losses at shorter wavelength. In contragts already shown in Fig. 1, the TM polarizatiatso shows
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[:_ & is the presence of a band in the middle of both TE and TM
— TE W gaps. Its overlap at the same waveleng¢ilB5 nm might
suggest the presence of mode mixing or of a localized state
present in the gap.

In conclusion, we have experimentally demonstrated the
existence of complete PBGs in 38, photonic crystal
waveguides using a broadband waveguide characterization.
Proper choice of the structural parametdrandr of the air
columns in a triangular lattice allows us to tune the PBGs
across the visible and near infrared spectral ranges. The com-
parison of experimental data with 2D and 3D plane-wave

500 600 79 300 o0 analysis shows a satisfactory agreement for TE polarization.
Wavelength (nm) A trade-off between the overlap of TE and TM gaps and
. . _ their relative extinction ratio was found. However, a more
FIG. 3. Transmission spectra of the air bridge structure for(3dtid line) . . . .
and TM (dashed ling polarizations. complete model of guided modes in PC slabs in progress is
necessary to explain the experimental results.
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