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We demonstrate that ultrabroadband ultrashort-pulse white light supercontinua can be used to track
the group velocity of photons in optical waveguides using a Kerr gate technique. Results on silicon
nitride slab waveguides show both polarization birefringence and multimode dispersion, which
vanish at critical wavelengths. When photonic crystals are embedded in the waveguides, the higher
order modes are excited within the band-gap region, demonstrating the need to control their
dispersion to make effective use of photonic crystal waveguide devices20 American
Institute of Physics.[DOI: 10.1063/1.1520709

Controlling optical propagation by patterning planar de-gating'® is performed on both unpatterned planar and PC
vices in a single microfabrication step makes 2D photoniovaveguides. This allows us to resolve the time-of-flight of
crystal waveguides extremely attractive for realizing opticalphotons in each optical mode within the 450—-900 nm wave-
integrated circuits. The functionality of the different ele- length region. The different dispersion properties of the
ments can be engineered by simply modifying the local sympropagation of fundamental and higher order modes in a pla-
metry and geometry of the photonic crystBlC) lattice. This  nar waveguide matches a simple model, but does not appear
corresponds to a modification of the photon dispersion relato have been previously presented over such a significant
tions and ultimately to a tailoring of group velocity disper- spectral range. The presence of these higher order slab
sion(GVD), photonic band gap@BGS and localized states. modes together with the PC allows us to clearly discriminate
Hence, a whole range of functional elements such as las@&nomalous spectral features in the transmittance spectra
cavities!~® channel waveguides;” bends—1 delay linest! ~ Which are found inside the photonic band daghese time-
and highly dispersive elementsan be integrated on a large Of-flight experiments point to the importance of full charac-
scale in a single chip. terization of both spectral and temporal modal features for

In the last few years much effort has been concentrate@veloping integrated optical circuits based on PC technolo-
in taking ideas from modeling these devices into a realizabl&!€S-
form.*3 However, experimental evidence for PC optical prop- ~ The samples investigated were silicon nitride
erties is still a difficult and demanding issue. Measuring thevaveguides $N, (250 nm nominal thickness,=2.02) em-
GVD of an optical pulse propagating in a PC device andP€dded in silicon dioxide (Sif) substrate and cladding layer
discriminating its spectral and dynamics features is becomt-7 #m and 75 nm thick, respectively=1.46 all grown on
ing crucial to the demonstration of useful dispersive properSilicon. The PC etched slab used héfe tes) consists of 40
ties of PC devices. Several groups have tried to indirectlyf WS Of air holes arranged on a triangular lattice with 260 nm

extract the group velocity dispersion from the phase ofii€h (A) and 150 nm diametet®) (air filling fraction

Fabry—Perot oscillations between a PC section and sampfezg’O%) and is 10.5um long, embedded in the center of

facets (which are superimposed on emission spectra fronf'aveguide devices-1 cm long, as shown in Fig. 1. An
their samples®’ However, the direct observation of pulses ultrabroadband white light continuufwLC) from 450 to

traveling through PC waveguides remains to be demon—l.:)?Oo nm, which is. generated. by focusin_g/u:IJ amplified
strated. Ti:sapphire pulses in a sapphire crystal, is used as a probe

Previously, we have shown the use of “white light” laser pulse. The transmitted probe pulse emerging from the wave-
' guide is collimated to remove any stray cladding modes con-

supercontinua for measuring photonic crystal spectral feat L - . ; .
. aminating the emission. This pulse is gated by an optical
tures across very broad wavelength ranges, allowing a de-

tailed match with theoretical models of basic PC

properties:*!° In this letter we report time-resolved experi- @
ments which track ultrashort broadband pulse propagation A ’\OU« )| I
through 2D photonic crystal waveguides. Optical Kerr & t !
i N
°o A A
dCurrent address: Mesophotonics Ltd., Chilworth Science Park, Southamp-

ton SO16 7NP, UK.

YElectronic mail: j.j.baumberg@soton.ac.uk FIG. 1. Sketch of the triangular lattice photonic crystal waveguide used in
9Also with: Electronics and Computer Science, University of Southamptonthe experiment. Chromatic dispersion and photonic band-gap effects on a
Southampton SO17 1BJ, UK. broadband pulse due to the material and photonic crystal are also shown.
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FIG. 2. Image plot of the time-of-flight of the TE polarized white light laser
pulse through a 250-nm-thick silicon nitride planar waveguide experimen-
tally measured in the 450-800 nm range. The fundamental)(H&ad
higher-order modes (T have a 1000:1 intensity ratio.

Kerr shutter consisting of two crossed polarizers on either
side d a 1 mmthick SFL6 glass plate. The optical shutter is
opened by focusing a secondud regeneratively amplified
Ti:sapphire pulse from the same 1a$850 nm, 150 fsonto

the same spot on the SFL6 plate which induces a transient 900 800 700 600 500
birefringence. Due to the high third-order nonlinear suscep-
tibility, this shutter has an almost instantaneous optical Kerr
response producing a System t|me reso'utioﬁ,ﬁﬁo fs_ The FIG. 3. (a) Time-of-ﬂight spectra of TE(SO"d symboISs and TM modes

. . . . pen symbols through the planar silicon nitride waveguides. Solid and
advantage of this technlque with respect to other nonlineg ashed lines are the integrated TE and TM transmittance spectra, respec-

techniqueg(such as upconversion and frequency miif&  tively. In the inset, the time of flight of the WLGemoving only the sample
the lack of any phase matching requirements in the Keris reported for both mode polarizatiorts) calculation of the group velocity
shutter, thus allowing a full range of wavelengths and nu-of fundamental and higher order T&olid symbol$ and TM(open symbols

. . modes in a 250-nm-thick slab waveguide, taking into account the normal
merical apert_ure_:s from the yvavegwde to bg analyzed. Thﬁispersion of the silicon nitride.
gated transmission at each time delay was dispersed by a 1/2
m single spectrometer and detected by a Si CCD. Scanning

the time delay of the gate pulse leads to high quality 2Dshown in Fig. 8a), together with their transmittance spectra

Group velocity (arrival time /ps)

Wavelength (nm)

spectra(wavelength versus time (solid and dashed line, respectivelfror reference, the time
. of flight of the WLC through the optical system with only the
5(7-,)\):,([ IWG(tv)\)ISatL(t_T)dtv sample removed is shown in the inset for both mode polar-

izations. This reference scan reveals the expected normal dis-
wherex is a constantl and| g are the intensities of the persion that the ultrabroadband continuum experiences after

transmitted WLC probe and the gate pulse, respectivel;}.raveling through the c_)ptigs used in the setup, and is iden.tical
These spectral images in both time and frequency spad@’ TE and TM polarizations. However, when propagating
avoid the errors introduced by measuring the time-of-flightthrough the unpatterned 81, waveguide, the fundamental
of wavelength-tunable short pulses, which are spectrally rel E mode travels faster than the TM mode. The modal bire-
shaped around the band eddésinlike most measurements fringence typical of slab waveguides is responsible for this
in PCs which reconstruct the group velocity from interfero- Polarization-sensitive propagation delay which arises be-
metric measurements of the phase shifts instance pro- cause the TE mode is better confined in the higher refractive

duced by Fabry—Perot fringing in the sampi&!® we di-  index core than the TM mod@ Another clear feature is the
rectly measure the group Ve|ocw the Waveguides which is h|gher order TE modeohd Squal‘e)S\NhiCh is faster than the
key for practica| utilization in communication Systems_ fundamental modes near its cutoff. It is excited because the

To demonstrate the effectiveness of the technique, théleaved facets in the polycrystalline waveguide layers lead to
2D image of the time-of-flight of the different spectral com- Some fraction of the input light coupling into the higher or-
ponents of the WLC is shown in Fig. 2. The propagationder waveguide modes. TM higher order mode cannot be de-
delay of the TE mod€E | waveguide slapafter traveling tected in this sample because lies at wavelength shorter than
through a planar unpatterned waveguide is displayed as 460 nm.
function of the wavelength. Analogous results have been ob- These results are in good agreement with the calculation
tained for the TM polarization modé | waveguide slap  of the group velocity of TE and TM modes in a slab wave-
The most intense trace is the fundamental modg, Méile  guide having a 250 nm core thickness which are shown in
the mode emerging between 525 and 575 nm is the firsfig. 3(b). In this calculation the normal dispersion of the
higher-order waveguide mode TEIn order to gain greater silicon nitride has been taken into account. The cutoff wave-
insight into the mode dispersions the time-wavelength coorlengths of the higher order waveguide modes are propor-
dinates are extracted using a Gaussian fit procedure. TH®nal to the waveguide thickness, allowing independent non-
time-of-flight of both TE(solid circles and TM modegopen  destructive  corroboration  of electron  microscopy

circles through the planar silicon nitride waveguides is measurements of the thickness of the waveguide. Two further
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30 the transmittance resonance at 600 nm which reduces the

extinction in the gap. The intensities of the gated fundamen-
tal and higher order TE and TM reported in Figsbyand
4(d), respectively, correspond well with the integrated trans-
mission spectra. The intensities of these higher order modes
are~100 times weaker than the FHue to the higher losses
near their cutoff. TM polarized light is also coupled into
TMg, TM; and TM, modes but unlike the TE modes, the
higher order TM modes do not cross the fundamental mode
PBG, explaining the sharp and higher extinction for the TM
PBG. Because mode conversion is more efficient for the
tighter confined TE polarizations, this clearly shows that
higher order modes must be separated from PBGs for effec-
tive operation.

In conclusion, we have demonstrated the effectiveness
and utility of time-of-flight measurements of ultrabroadband

Wavelength (nm) Wavelength (nm) white light continua through nanostructured waveguides for

FIG. 4. (3, (0) Time-of-fight spectra for TE<solid symbols and TM- direct determl'natlon of group veIgcﬂy, d|sper3|ons., birefrin-
(open symbolspolarized white light laser pulses through a rectangular pho-ge_nce' an_d higher O_rder waveguide _mOdes' V_Ve find several
tonic crystal slab {=30%, 40 rows, embedded in the waveguide along the Critical points at which group velocity matching becomes
I'-J direction of propagation(b), (d) integrated intensitiedines) and time-  possible between different modes. Correct interpretation of
resolved gated intensitigsymbols for TE and TM polarization modes. photonic band-gap spectra is shown to be confused by these
higher order waveguide modes, and time-of-flight is seen to
points are of interest: velocity matching occurs@ITE and  gisentangle these effects. Currently we are extending these

TM fundamental modes at a particular wavelength,(880  measurements across the 350—1800 nm region to allow full

a particular wavelengthy,,, (520 nm. Both of these are of
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